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PREFACE 


The advent of thyristors has revolutionized the art of electric power conversion and its con- 
trol. Many more semiconductor devices such as triacs, asymmetrical thyristors, gate-turn-off, 
thyristors, power MOSFET, insulated gate bipolar transistor and MOS-controlled thyristors are 
now available. The use of these semiconductor devices has pervaded the industrial applications 
relating to the field of Electrical, Electronics, Instrumentation and Control Engineering. In other 
words, power-electronic components find their use m low as well as high power applications. The 
purpose of this book 1s to provide a good understanding of the power-electronic components and 
the behaviour of power-electronic controllers by presenting systematically all important aspects 
of semiconductor devices and the common types of electric power controllers: The book begins 
with the study of salient features of power diodes, power transistors, MOS-controlled thynstor 
and other members of thyristor family. Then their applications in the different types of power 
converter configurations are presented in a lucid detail. This book is intended to serve as an 
introductory course to the undergraduate students of Electrical, Electronics, Instrumentation 
and control disciplines. It is presumed that the reader is familiar with the basics of elementary 
electronics and circuit theory. The material presented here can be covered in one semester with 
the omission of some topics. The instructor, after browsing through the book for some time, can 
plan the course contents and its sequence without loss of continuity. 


The book contains twelve chapters, Chapter 1 gives an overview of merits and demerits of 
power-electric controllers and briefly discusses the topics covered in this book. This chapter also 
touches upon the significance of power electronics. Chapter 2 describes the characteristics of 
power diodes, power transistors and MOS-controlled thyristor. In Chapter 3 are presented diode 
circuits and rectifiers. Chapter 4 explains the characteristics of thyristors in detail and of triacs, 
GTOs etc. in brief. Thyristor commutation techniques are given in Chapter 5. In Chapter 6, the 
principles of conversion from ac to de involving single-phase as well as three-phase converters 
are presented. Chapters 7 to 10 pertain to the treatment of de choppers, inverters, ac voltage 
controllers and cycloconverters respectively, While chapter 11] gives study of several applications 
of power electronics, Chapter 12 discusses electric drives. A large number of illustrative diagrams 
and a wide variety of worked examples add tothe clarity of the subject matter. The material given 
in this book is class-room tested. In the appendix, large number of objective-type questions relat- 
ing to Chapter 2 to 10 are given. 


The material added in the present edition includes Chapter 11 and Chapter 12. Some topics 
have been re-written to make the presentation more lucid. Many more illustrative examples to 
reinforce the understanding of the subject matter are also included. It. is hoped that the book in 
its present form will serve the purpose of students for the courses on Power Electronics of all 
Indian Universities, 


The author is grateful to all those students who interacted with the author, in the class-room 
or outside, during the teaching of this subject. This interaction has greatly influenced the author’s 
style of teaching and writing to a great extent and every effort has gone into making the subject 
matter presentation as easily comprehensible as possible. 


Finally, the author expresses his gratitude to his wife for her perennial encouragement, un- 
derstanding and patience during the preparation of this book. The author also places on record 
the assistance rendered by his two sons during the gruelling task of proof-reading. 


Supgestions leading to the improvement of the book will be gratefully acknowledged. 


Patiala Dr. PS. Birbhra — 
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Introduction 





The object of this chapter is to discuss briefly the concept of power electronics, applications 

of power electronics and the types of power converters described in this book. 
1.1. CONCEPT OF POWER ELECTRONICS 

iPower electronics belongs partly to power engineers and partly to electronics engineers 
[2]. Power engineering is mainly concerned with generation, transmission, distribution and 
utilization of electric energy at high efficiency. Electronics engineering, on the other hand, 1s 
guided by. distortionless production, transmission and reception of data and signals of very 
low power level of the order of a few watts, or milliwatts without much consideration to the 
efficiency. In addition, apparatus associated with power engineering is based mainly on 
electromagnetic principles whereas that in electronics engineering is based upon physical 
phenomena in vacuum, gases/vapours and semiconductors. 

Power electronics is a subject that concerns the application of electronic-principles into 
situations that are rated at power level rather than signal level. It may also be defined as a 
subject that deals with the apparatus and equipment working on the principle of electronics 
but rated at power level rather than signal level. For example, semiconductor power switches 
such as thyristors, GOs etc. work on the principle of electronics (movement of holes and 
electrons), but have the name power attached to them only as a description of their power 
ratings. Similarly, diodes, mercury-arc rectifiers and thyratrons (gas-filled triode), high-power 
leyel devices, form a part of the subject power electronics ; because their working is based on 
the physical phenomena in gases and vapours, an electronic process. As the inclusion of all 
such power-rated electronic equipments would be a voluminous task, the present book is 
devoted to the study of semi-conductor-based power-electronic components and systems only. 
It should be understood that the techniques used in the design of high-efficiency and 
high-energy level power electronic circuits are quite different from those employed in the 
design of low-efficiency electronic circuits at signal levels. 

1.2. APPLICATIONS OF POWER ELECTRONICS se?! 

The era of modern power electronics began with the invention of silicon- 
controlled-rectifier (SCR) by Bell Laboratories in 1956. Its protoytpe was introduced by GEC 
in 1957 and subsequently, GEC introduced SCR-based systems commercially in 1958. Since 
then, there have been emergence of many new power semiconductor devices. Power electronic 
systems today incorporate power semiconductor devices as well as microelectronic integrated 
circuits. 
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The term, ‘converter system’, in general, is used to denote a static device that converts 
ac to dc, de to ac, de to de or ac to ac. Conventional power controllers based on thyratrons, 
mercury-are rectifiers, magnetic amplifiers, rheostatic controllers etc. have been replaced by 
power electronic controllers using semiconductor devices in almost all applications. The 
development of new power-semiconductor devices, new circuit topologies with their improved 
performance and their fall in prices have opened up wide field for the new applications of 
power electronic converters. A judicious use of power-semiconductor devices in conjunction 
with microprocessors or microcomputers has further enhanced the control strategies and 
synthesizing capabilities of the power electronic converters. It is said that power 
semiconductor devices can be regarded as the muscle and the microelectronics as the 
intelligent brain in the modern power electronic systems. 

Table 1.1 lists various applications of power electronics. This list is however not 
exhaustive. No boundaries can be earmarked for the applications of power electronics, 
especially with the present trend of integrated design of power-semiconductor devices, 
microprocessors and the controlled equipment. The power ratings of power-electronic systems 
range from a few watts in lamps to several hundred megawatts in HVDC transmission 
systems. It 1s believed that by the turn of the century, almost 80% of the electric power 
consumed in utility systems will pass through power-electronics and this figure will 
eventually reach 100% in the future, ‘ 

Table 1.1. Some Applications of Power Electronics 


i, Aerospace : 

Space shuttle power supplies, satellite power supplies, aircraft power systems. 
2, Commercial : 

Advertising, heating, airconditioning, central refrigeration, computer and office equipment, 
uninterruptible power supplies, elevators, light dimmers and flashers. 
3. Industrial : 

Are and industrial furnaces, blowers and fans, pumps and compressors, industrial lasers, 
transformer-tap changers, rolling mills, textile mills, excavators, cement mills, welding. 
4. Residential : 

Airconditioning, cooking, lighting, space heating, refrigerators, electric-door openers, dryers, fans, 
personal computers, other entertainment equipment, vacuum cleaners, washing and sewing 
machines, ight dimmers, food mixers, electric blankets, food-warmer trays. 


5. Telecommunication : 

Battery chargers, power supplies ( dc and UPS ). 
6. Transportation : 

Battery chargers, traction control of electric vehicles, electric locomotives, street cars, trolley buses, 
subways, automotive electronics. 
7. Utility systems : 

High voltage de transmission (HVDC), excitation systems, VAR compensation, static circuit 
supplementary energy systems ( solar, wind ). _ 





1.3, ADVANTAGES AND DISADVANTAGES OF POWER-ELECTRONIC CONVERTERS 
The advantages possessed by power-electronic systems are as under : 
(i) High efficiency due to low loss in power-semiconductor devices. 


(ii) High reliability of power-electronic converter syst@wWhloaded From; www.EasyEngineering.net 
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(iii) Long life and less maintenance due to the absence of any moving parts. . 
(iv) Fast dynamic response of the power-electronic systems as compared to 
electromechanical converter systems. 
(v) Small size and less weight result in less floor space and therefore lower installation 
cost. 
(vi) Mass production of power-semiconductor devices has resulted in lower cost of the 
converter equipment. 

Systems based on power electronics, however, suffer from the following disadvantages : 

(a) Power-electronic converter circuits have a tendency to generate harmonics in the 
supply system as well as in the load circuit. 

In the load circuit, the performance of the load is influenced, for example, a high harmonic 
content in the load circuit causes commutation problems in de machines, increased motor 
heating and more accoustical noise in both de and ac machines. So steps must be taken to 
filter these out from the output side of a converter. 

In the supply system, the harmonics distort the voltage waveform and seriously influence 
the performance of other equipment connected to the same supply line. In addition, the 
harmonics in the supply line can also cause interference with communication lines. It is, 
therefore, necessary to insert filters on the input side of a converter. 

(b) Ac to dc and ac to ac converters operate at a low input power factor under certain 
operating conditions. In order to avoid a low pf, some special measures have to be adopted. 

(c) Power-electronic controllers have low overload capacity. These converters must, 
therefore, be rated for taking momentary overloads. As such, cost of power electronic 
controller may increase. 

(d) Regeneration of power is difficult in power electronic converter systems. 

The advantages possessed by power electronic converters far outweigh their 
disadvantages mentioned above. As a consequence, semiconductor-based converters are being 
extensively employed in systems where power flow is to be regulated. As already stated, 


conventional power controllers used in many installations have already been replaced by 
semiconductor-based power electronic controllers. 


14, POWER ELECTRONIC SYSTEMS 


The major components of a power electronic system are shown in the form of a block 
diagram in Fig, 1.1. Main power source may be an ac supply system or a dc supply system. 


Main Power 
Source 





. i | is | Power Electronic | 
Command uni ircult, | : Circuit 







Faedback Signal 


Fig. 1.1 Block diagram of a typical power electronic system. | 
Downloaded From :. WWE A wtaghuorg = net di 


ul.org 





© Wiki Engineering 


Downloaded From : www.EasyEngineering.net 


4 [Art 1.6] Power Electronics 
The output from the power electronic circuit may be variable de, or ac voltage, or 1t may 
be a variable voltage and frequency. In general, the output of a power electronic convertor 
circuit depends upon the requirements of the load. For example, if the load is a de motor, the 
converter output must be adjustable direct voltage. In case the load is a 3-phase induction 
motor, the converter may have adjustable voltage and frequency at its output terminals. 

The feedback component in Fig. 1.1 measures a parameter of the load, say speed in case 
of a rotating machine, and compares it with the command. The difference of the two, through 
the digital circuit components, controls the instant of turn-on of semiconductor devices 
forming the solid-state power converter system. In this manner, behaviour of the load circuit 
can be controlled, as desired, over a wide range with the adjustment of the command. 

1.5. POWER SEMICONDUCTOR DEVICES 

Silicon controlled rectifier (SCR) was introduced first in 1957, Since then, several. other 
power semiconductor devices have been developed. All these semiconductor devices are 
enumerated below along with their ratings. 

Power diodes are available up to 3000 V, 3500 A, 1 kHz. Thyristors have ratings up to 
6000 V, 3500 A, 1 kHz. SITHs (static induction thyristors) can operate up to 4000 V, 2200 A, 
20 kHz. GTOs (gate-turn off thyristors) have ratings of 4000 V, 3000 A, 10 kHz. MCTs (MOS 
controlled thyristors) can work up to 600 V, 60.A, 20 kHz. Triacs have power ratings of 1200 
VY, 300 A, 400 Hz. 

BJTs are used up to power ratings of 1200 V, 400 A, 10 kHz. 

Power MOSFETs (metal oxide semiconductor field effect transistors) and SITs (static 
induction transistors) have relatively low range of 1000 V, 50 Aand 1200 V, 300 A respectively. 
Both these devices can, however, operate satisfactorily up to a frequency range of 100 KHz. 

IGBTs (insulated gate bipolar transistors) are available up to 1200 V, 400 A and 20 kHz. 

Based on (i) turn-on and turn-off characteristics and (ii) gate signal requirements, the 
power semiconductor devices can be classified as under : ~ 

(a) Diodes : These are uncontrolled rectifying devices. Their on and off states are 
controlled by power supply. 

(b) Thyristors ; These have controlled turned-on by a gate signal. After thyristors are 
turned-on, they remain latched-in on-state due to internal regenerative action, 

(c) Controllable switches : These devices are turned-on and turned-off by the application 
of control signals. The devices which behave as controllable switches are BJT, MOSFET, GTO, 
SITH, IGBT, SIT and MCT. 

SCR, GTO, SITH and MCT require pulse-gate signal for turning them on ; once these 
devices are on, gate pulse is removed. But BJT, MOSFET, IGBT and SIT require continuous 
signal for keeping them in turn-on state. 

The devices which can withstand unipolar voltage are BJT, MOSFET, IGBT and MCT. 
Thyristors and GTOs are capable of supporting bipolar voltages. 

Triac and RCT (reverse conducting thyristor) possess bidirectional current capability 
whereas all other remaining devices ( diode, SCR, GTO, BJT, MOSFET, IGBT, SIT, SITH, 
MCT ) are unidirectional current devices. 

1.6. TYPES OF POWER ELECTRONIC CONVERTERS 
A power elegtronic system consists of one or more power electronic converters, A power 
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circuits. The switching characteristics of power semiconductor devices permit a power 
electronic converter to shape the input power of one form to output power of some other form. 
Static power converters perform these functions of power conversion very efficiently. Broadly 
speaking, power electronic converters (or circuits) can be classified into six types as under: 


1. Diode Rectifiers ; A diode rectifier circuit converts ac input voltage into a fixed de 
voltage. The input voltage may be single-phase or three phase. Diode rectifiers find wide use 
in electric traction, battery charging, electroplating, electrochemical processing, power 
supplies, welding and uninterruptible power supply (UPS) systems. 

2. Ac to dc converters ( Phase-controlled rectifiers ) : These convert constant ac 
voltage to variable dc output voltage. These rectifiers use line voltage for their commutation, 
as such these are also called line-commutated or naturally-commutated ac to de converters. 
Phase-controlled converters may be fed from 1-phase or 3-phase source. These are used in de 
drives, metallurgical and chemical industries, excitation systems for synchronous machines 
etc. 

3. DC to de converters (DC Choppers ): Adc chopper converts fixed de input voltage 
to a controllable de output voltage. The chopper circuits require forced, or load, commutation 
to turn-off the thyristors. For lower power circuits, thyristors are replaced by power 
transistors. Classification of chopper circuits is dependent upon the type of commutation and 
also on the direction of power flow. Choppers find wide applications in dc drives, subway cars, 
trolley trucks, battery-driven vehicles etc. 

4. DC to ac converters (inverters ): An inverter converts fixed dc voltage to a variable 
ac voltage. The output may be a variable voltage and variable frequency. These converters 
use line, load or forced commutation for turning-off the thyristurs. Inverters find wide use in 
induction-motor and eynchronous-motor drives, induction heating, UPS, HVDC transmission 
etc, At present, conventional thyristors are also being replaced by GTOs in high-power 
applications and by power transistors in low-power applications. 

5. AC to ac converters : These convert fixed ac input voltage into variable ac output 
voltage. These are of two types as under : 

(a) AC voltage controllers (AC voltage regulators) : These converter circuits convert fixed 
ac voltage directly to a variable ac voltage at the same frequency. AC voltage controller employ 
two thyristors in antiparallel or a triac. Turn-off of both the devices is obtained hy line 
commutation. Output voltage is controlled by varying the firing angle delay. AC voltage 
controllers are widely used for lighting control, speed control of fans, pumps ete. 

(6) Cyeloconverters : These circuits convert input power atone frequency to output power 
at a different frequency through one-stage conversion. Line commutation is more common in 
these converters, though forced and load commutated cycloconverters are also employed. 
These are primarily used for slow-speed large ac drives like rotary kiln etc. 

6, Static switches : The power semiconductor devices can operate as static switches or 
contactors. Static switches possess many advantages over mechanical and electromechanical 
circuit. breakers. Depending upon the input supply, the static switches are called ac static 
switches or dc static switches, 

1.7. POWER ELECTRONIC MODULES 

A power electronic converter may require two, four or more semiconductor devices 

depending upon the cireuit configuration. Power mndhilen consisting of two, four or six devices 


are, at present, available. Thus, a power electronic converter can be assembled from power 
mvduies instead of from individhaal semiconductor devices. A power module has bette 
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6 [Art. 1.7] Power Electronics 
performance characteristics as compared to conventional devices so far as their switching 
characteristics, operating speed and losses are concerned. Gate drive circuits for individual 
devices or power modules are also commercially available. As a result of these developments, 
now intelligent modules have come in the market. 

Intellegent module, also called smart-power, is state-of-the-art power electronics and it 
consists of power module and a peripheral circuit. The peripheral circuit comprises of 
interfacing of power module with the input/output through proper isolation from low-voltage 
signal and from high-voltage power circuit, a drive circuit, protection and diagnostic circuitry 
against maloperation like excess current, over voltage etc, microcomputer control and 
controlled power supply. The user has merely to connect the existing supply and the load 
terminals to the smart-power. At present, intelligent modules are being used extensively in 
power electronics. It is reported that there are more than twenty manufacturers of intelligent 
modules. 

SUMMARY 

Power semiconductor devices form the heart of modern power electronics. A power 
electronics engineer must understand the device thoroughly for efficient, reliable and 
cost-effective design of power converters. For this purpose, chapter 2 is devoted to the study 
of power semiconductor diodes, transistors and MCT. Chapter 3 deals with diode circuits and 
rectifiers. In chapter 4, are discussed in detail the thyristor characteristics and its control 
strategies. Thyristor commutation techniques are described in chapter 5. Other power 
electronic converters mentioned in this chapter are described in detail in chapter 6 onwards. 





| PROBLEMS 


1.1 (a2) What is power électronics ? Discuss briefly the concept of power electronics. 
(b) What is a converter ? Illustrate your answer with examples. 

(c) Enumerate at least ten applications of power electronics. 

(¢7) Give the advantages and disadvantages of power electronic converters. 
1.2 (2) Discuss the various types of power electronic converters. 

(b) Describe a power electronic system with its general block diagram. 

(c) Compare a diode with a thyristor. 

(d) Give the differences between a triac and a thyristor. 


1.3 (a) List the semiconductor devices which can withstand (i) unipolar voltages and (ii) bipolar 
voltages. 


(b) Give the differences between an ac voltage controller and a cycloconveter. 

(c) What are the differences in the gating requirements of thyristors and transistors ? 
(d) Give the differences between a triac and an IGBT. 

(ec) What is power-electronic module ? Describe smart-power. 
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Power Semiconductor 
Diodes and Transistors 





Power semiconductor diodes are similar to low-power p-n junction diodes, called signal 
diodes. Similarly, power transistors are identical with npn or pnp signal transistors, As a 
matter of fact, power semi conductor devices are more “omplex in structure and in operation 
than their low-power counterparts. This complexity arises because low-power devices must 
be modified in order to make them suitable for high-power applications, for example, power 
diodes are constructed with n layer, called drift region, between p* layer (anode) and n* layer 
or substrate (cathode). This is done to support large blocking voltages. This n” type layer 1s, 
however, not present in signal diodes. = = 

The voltage, current and power ratings of power diodes and transistors are much higher 
than the corresponding ratings for signal devices. In addition, power devices operate at lower 
switching speeds whereas signal diodes and transistors operate at higher switching speeds. 

Power semiconductor devices are used extensively in power-electromic circuits. Some 
applications of power diodes include their use as freewheeling diodes, for ac to de conversion, 
for recovery of trapped energy etc. Power transistors, used as a switching device in 
power-electronic circuits, must operate in the saturation region in order that their on-state 
voltage drop is low. Their applications as switching elements include de choppers and 
inverters. 

The object of this chapter is to describe power diodes, power transistors and 
MOS-controlled thyristor (MCT). A thyristor is more important component of power 
semiconductor devices, it is, therefore, discussed in detail in Chapter 4. 

2.1. CHARACTERISTICS OF POWER DIODES 

Power diode is a two-layer, two-terminal, p-n semiconductor device. It has one pn-junction 
formed by alloying, diffusing or epitaxial growth, The two terminals of diode are called anode 
and cathode, Fig. 2.1 (a). Two important characteristics of power diodes are now described. 

2.1.1. Diode V-I Characteristics 5 

When anode is positive with respect to cathode, diode is said to be forward biased, With 
increase of the source voltage V, from zero value, initially diode current is zero, From 
V, = 0 to cut-in voltage, the forward-diode current is very small. Cut-in voltage is also known 
as threshold voltage or turn-on voltage. Beyond cut-in voltage, the diode current rises rapidly 
and the diode is said to conduct. For silicon diode, the cut-in voltage 1s around 0.7 V. Wher 
diode conducts, there is a forward voltage drop of the order of 0.8 to 1 V. + 
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Power Electronics 





When cathode is positive with respect to anode, the diode is said to be reverse biased. In 
the reverse biased condition of the diode, a small reverse current, called leakage current, of 
the order of microamperes or milliamperes (for large diodes) flows. The leakage current 
mcreases slowly with the reverse voltage until breakdown or avalanche voltage is reached. 
At this breakdown voltage, diode is turned on in the reversed direction. If current in the 
reversed direction is not limited by a series resistance, the current will become quite high to 
destroy the diode. The reverse avalanche breakdown of a diode is avoided by operating the 
diode below specified peak repetitive reverse voltage Vir,,. Fig. 2.1 (c) illustrates diode 
characteristics where Vppy and cut-in voltage are shown. 
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Fig. 2.1. (@) p-n junction (b) diode symbol (c) V-I characteristics of diode. 


Diode manufacturers also indicate the value of peak inverse voltage (PIV) of a diode. This 


_ 18 the largest reverse voltage to which a diode may be subjected during its working. PIV is 
the same as Viepag- 


















' The power diodes are now available with forward current ratings of 1 A to several 
thousand amperes’and with reverse voltage ratings of 50 V to 3000 V or more. 

2.1.2, Diode Reverse Recovery Characteristics 

After the forward diode current decays to zero, the diode continues to conduct in the 
reverse direction because of the presence of stored charges in the two layers. The reverse 
) current flows for a time called reverse recovery time t,. The diode regains its blocking 
capability until reverse recovery current decays to zero. The reverse recovery time t,, is defined 
as the time between the instant forward diode current becomes zero and the instant reverse 
recovery current decays to 25% of its reverse peak value I ru 48 shown in Fig. 2.2 (a). 


. The reverse recovery time is composed of two segments ‘of time t, and ¢,, i.2.,¢,.=t, + f,. 
Time ¢, is the time between zero crossing of forward current and peak reverse current J 
During the time 7,, charge stored in depletion region is removed. Time t, is measured com 
the instant of Ip,, to the instant where 0.25 [py 1s reached, Fig. 2.2 (a). During t,, charge 
from the two semiconductor layers is removed, The shaded area in Fig. 2.2 (a) represents the 
stored. charge, or reverse recovery charge, @, which must be removed during the reverse 
recovery time f,,, The ratio t;/t, is called the softness factor or S-factor. This factor is a measure 
of fhe voltage transients that occur during the time diode recovers. Its usual value is unity 
and this indicates low oscillatory reverse recovery process. In case S-factor is small diode 
) has large oscillatory over voltages. A diode with S-factor equal to one is called soft-recovery 
diode and a diode with S-factor less than one is called snappy-recovery diode or fast-recovery 
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diode. In Fig. 2.2 (6) is shown the 
waveform of forward-voltage drop 
v, across the diode, The product of 
v-andi, gives the power loss in a 
diode. Its variation is shown in Fig. 
2.2 (c). The average value of Up lp 
gives the total power loss in a diode. 
Fig. 2.2 (c) reveals that major power (b) 
loss in a diode occurs during the 
period ¢,.. 

It is noticed from Fig. 2.2 (a) that 
peak inverse current Jpy can be 
expressed as 


(a) 





dt 
‘rag = fa di (2 1) 
di. | Fig, 2.2. Reverse recovery characteristics 
where — is the rate of change of (a) variation of forward current i; 


dt 3 
reverse current. The reverse (6) forward voltage drop vy; and (c) power loss in a diode. ~ 


recovery characteristics of Fig. 2.2 (a2) can be taken to be triangular. Under this assumption, 
storage charge Q, from Fig. 2.2 (a), is given by 








1 
Qr= 5! Ru ‘ty Bt it 
90, 
rr 
If t.,=t,, then from. Eq. (2.1), 
pu = bap’ - 4 (2.3) 
From Eqs. (2.2) and (2.3), we get 
di 2Qp 
rr dt t. 
1/2 
2 Qa | 
or =| a wld. 4) 
From Kq. (2.1), with ¢, =¢,,, we get 
1/2 
1 di_| 2Qr | di 
RR = rr” = idi“gs) dt 
di , 
= 1 oral (2,5) 


It is seen 1 ont Eqs. (2. 4) and (2.5) that reverse recovery time and peak inverse current 
are dependent on storage charge and rate of change of current a ‘ The storage charge ee 


upon the forward diode current J, This shows that reverse recovery time and 
current depend on forward field current. | 
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-, A power-electronics engineer must know peak reverse current Jp,, stored charge Qp; 
S-factor, PIV etc in order to be able to design the circuitry employing power diodes, These 
parameters are usually specified in the catalogue supplied by the diode manufacturers. 

2.2. TYPES OF POWER DIODES 
Diodes are classified according to their reverse recovery characteristics. The three types 
of power diodes are as under : 
(t) General purpose diodes 
(iz) Fast recovery diodes 
(722) Schottky diodes. 
These are now described briefly. 
2.2.1, General-purpose Diodes 
These diodes have relatively high reverse recovery time, of the order of about 25 us. Their 
current ratings vary from 1 A to several thousand amperes and the range of voltage rating 
is from 50 V to about 5 kV. Applications of power diodes of this type include battery charging, 
electric traction, electroplating, welding and uninterruptible power supplies (UPS). 
2.2.2, Fast-recovery Diodes 
The diodes with low reverse recovery time, of about 5s or less, are classified as 
fast-recovery diodes. These are used in choppers, commutation circuits, switched mode power 
supplies, induction heating etc. Their current ratings vary from about 1 A to several thousand 
amperes and voltage ratings from 50 V to about 3 kV. 
| For voltage ratings below about 400 V, the epitaxial process is used for diode fabrication. 
These diodes have fast recovery time, as low as 50 ns. 
For voltage ratings above 400 V, diffusion technique is used for the fabrication of diodes. 
In order to shorten the reverse-recovery time, platinum or gold doping is carried out. But this 
doping may increase the forward voltage drop in a diode. 
2.2.0. Schottky Diodes 
This class of diodes use metal-to-semiconductor junction for rectification purposes instead 
of pr-junction. Schottky diodes are characterised by very fast recovery time and low forward 
voltage drop. Rectified current flow is by majority carriers only and this avoids the turn-off 
delay accompanied with minority carrier recombination. Their reverse voltage ratings are 
limited to about 100 V and forward current ratings vary from 1 A to 300 A. Applications of 
Schottky diodes include high-frequency instrumentation and switching power supplies, 
The electrical and thermal characteristics of power diodes are similar to those of 
thyristors and these are described in Chapter 4. 
2.3. POWER TRANSISTORS 
Power diodes are uncontrolled devices. In other words, their turn-on and turn-off 
characteristics are not under control. Power transistors, however, possess controlled 
characteristics. These are turned on when a current signal is given to base, or control, 
terminal. The transistor remains in the on-state so long as control signal is present. When 
this control signal is removed, a power transistor is turned off. 
\, Power transistors are of three types as under : 
(7) Bipolar junction transistors (BJTs) 
(tt) Metal-oxide-semiconductor field-effect transistors (MOSFETs) 
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(111) Insulated gate bipolar transistors (IGBTs) = J 
These three types are now described one after the other. : 


2.3.1. Bipolar Junction Transistors 

A bipolar transistor is a three-layer, two junction npn or pnp semiconductor device. With 
one p-region sandwiched by two n-regions, Fig. 2.3 (a), npn transistor is obtained. With two 
p-regions sandwiching one n-region, Fig. 2.3 (b), pnp transistor is obtained. The term ‘ bipolar 
"denotes that the current flow in the device is due to the movement of both holes and electrons. 
A BJT has three terminals named collector, emitter and base. An emitter is indicated by an 
arrowhead indicating the direction of emitter current. No arrow is associated with base or 


collector. 
Collector 
f) 


Collector 





Emitter 


Emitter 

_ (a) ) 

Fig. 2.3. Bipolar junction transistors (a) npn type and (6) pnp type. 
2.3.1.1. Steady-state Characteristics. Out of the three possible circuit configurations 
for a transistor, common-emitter arrangement is more common in switching applications. So, 

henceforth, npn transistors will only be considered. | 

, Input characteristics. A graph between base current J, and base-emitter voltage Vig 
gives input characteristics. As the base-emitter junction of a transistor is like a diode, Ip 
versus Vpz graph resembles a diode curve. When collector-emitter voltage Vor. is more than 


Veg, base current decreases as shown in Fig. 2.4 (6). 


Ic Igs>Ipa>---> Tai 
- Ips 


Leakage a 
current 
(c) 









Fig. 2.4. (a) npn transistor circuit characteristics, (6) input characteristics and (c) output ch 
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Output characteristics. A graph between collector current J, and collector-emitter 
voltage Voz gives output characteristics of a transistor. For zero base current, i.e. for J, = 0, 
as Vox is increased, a small leakage (collector) current exists as shown in Fig. 2.4 (c). As the 
base current is increased from J,=0 to Ip; Ipy etc, collector current also rises as shown in 
Fig. 2.4 (c). 

Fig. 2.5 (a) shows two of the output characteristic curves, 1 for J, = 0 and 2 for Jz # 0. The 
initial part of curve 2 , characterised by low Vo, is called the saturation region. In this region, 
the transistor acts like a switch, The falt part of curve 2, indicated by increasing Vr, and 
almost constant J, is the active region. In this region, transistor acts like an amplifier. Almost 
vertically rising curve is the breakdown region which must be avoided at all costs. 





Breakdown 


Collector 














saturation point Isz0 
Yee : 
Re Active 
V 
CES Breakover 1. 
voltage Electron 


Load line 





Saturation 
region 


| 0 

Vee Emitter 

-* (@) (6) 

Fig. 2.5, (2) Output characteristics and load line for npn transistor and 
(6) electron flow in an npn transistor. 


For load resistor Re: Fig. 2.4 (a), the collector current J, is given by 


a 
F 


Veo— Veg 
Re 
This is the equation of load line. It is shown as line AB in Fig. 2.5 (a). A load line is the 

locus of all possible operating points. Ideally, when transistor is on, Veg is zero and 

Ig=Vec/Rg. This collector current is shown by point A on the vertical axis. When the 

transistor is off, or in the cut-off region, Vec appears across collector-emitter terminals and 

there is no collector current. This value is indicated by point B on the horizontal axis, For 
the resistive load, the line‘joining points A and B is the load line. 

Relation between o and 6. Most of the electrons, proportional to / r given out by emitter, 
reach the collector as shown in Fig. 2.5 (6). In other words, collector current I, though less 
than emitter current J, is almost equal to I, A symbol « is used to indicate how close in . 
value these two currents are. Here a, called forward current gain, is defined as 


In= 2,6) 


Na 
=F 
As I, <I, value of a varies from 0.95 to 0.99. 
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In a transistor, base current is effectively the input current and collector current is the 
output current. The ratio of collector (output) current-J, to base (input) current J, 1s known 
as the current gain. p. 

B= A.) 
Ip 

As I, is much smaller, B is much more than unity ; its value varies from 50 to 300. In 

another system of analysis, called h parameters, A,;, is used in place of §, 
I, 
p = hre= r 

Use of KCL in Fig. 2.4 (a) gives 

In =Io+Tp 28) 

Remember that emitter current is the largest of the three currents, collector current is 
almost equal to, but less than, emitter current. Base current has the least value. Dividing 
both sides of Eq. (2.8) by Ic, we get 


o 
or B= 





(2.9) 
aA ae sap at (2.10) 


Transistor Switch. Transistor operation as a switch means that transistor operates 
either in the saturation region or in the cut-off region and nowhere also on the load line. As 
an ideal switch, the transistor operates at point A in the saturated state as closed switch 
with Vo, = 0 and at point B in the cut-off state as an open switch with J, = 0, Fig. 2.5 (a). In 
practice, the large base current will cause the transistor to work in the saturation region at 
point A* with small saturation voltage Vp,¢<. Here subscript S is used to denote saturated 
value, Voltage Vogs represents on-state voltage drop of the transistor which is of the order 
of about 1 V. When the control, or base, signal is reduced to zero, the transistor is turned off 
and its operation shifts to B’ in the cut-off region, Fig. 2.5 (a). A small leakage current I-g, 
flows in the collector circuit when the transistor is off. 

For Fig. 2.4 (a), KVL for the circuit consisting of Vz, Rg and emitter gives 

Ve —-Relp4-Var=0 
_ Va~ Vag 
Kp 
Also, from Fig. 2.4 (a), Veo =Vertlc Re 
or Vor = Veo ~le Re = Veo — Ble Fe 
=Voco- pee (Woe iVee) (2,11) 
Bp 
Also Vee = Ven + Vag 
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or Vor = Vee - Var (2,12) 
If Vogg is the collector-emitter saturation voltage, then collector current Ic, is given by 
Vec — Vee 
Iog=—— (2.18) 
c 
Tab 
and In5= 3 (2.14) 


where Ig, 1s the base current that produces saturation. 

If base current is less than Ip, the transistor operates in the active region, i.e . somewhere 
between the saturation and cut-off points. If base current is more than J Bs, Vceg i8 almost 
zero and collector current from Eq. (2.13) is given by I2g=Vao/R, This shows that collector 
current at saturation remains substantially constant even if base current is increased. 

With base current more than Ipc, hard drive of transistor is obtained. With hard 
saturation, Vege becomes low and on-state losses of transistor are reduced. Under hard-drive 
conditions, the ratio of I, and Ip. is defined as the overdrive factor (ODF). 

I 


ODF = oa (2.15) 
AS 


The ratio of Ips to Ip is called forced current gain B; where 


b= a < natural current gain fi or Age ...(2.16) 
The total power loss in the two junctions of a transistor is 
Pr=Varlat+ Veele .(2.17) 
Under saturated state, Vars is greater than Vogs and Eq. (2.12) shows that Vp, is 
negative. It means both transistor junctions are forward biased under saturated condition. 
2.3.1.2. Transistor Switching Performance. Atransistor cannot be turned on instant- 
ly because of the presence of internal capacitances. Fig. 2.6 (b) shows switching waveforms 


of an npn transistor with resistive load between collector and emitter Fig. 2.6 (a), When 
base-emitter voltage Vg,p is applied, the base current rises to Ip, ; the collector current, 


however, remains zero or equal to collector-emitter leakage current Ipgg as shown. After some 
time delay ¢,, called delay time, the collector current begins to rise, This delay is due to the 
time required to charge base-emitter capacitance to Vggzg = 0.7 V. After this delay ¢,, collector 
current rises to steady state value Ie in time t, which is known as rise time. This means 
that turn-on time for BJT is t¢,,, =t,+t,. Rise time depends upon the input capacitances. 

During rise time ¢,, collector-emitter voltage falls from Vgc to Vogs. The transistor remains 
in the on and nitrated state so long as forward base current is maintained. 

When the base-emitter voltage Vpp is removed at time t,, the collector current does not 
change for a time t,, called storage time. During ¢,, saturating charge is removed from the 
base. After ¢,, collector current begins to fall and at the same time, collector voltage starts 
building up. After times ¢, called fall time, I, decreases to Ipgq (almost zero) and 
collector-emitter voltage rises to Voc Sum of storage time and fall time gives the transistor 
mrn-off time, i.e. t,.=t, ; +t, The various waveforms during transistor switching are shown 
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(a) (5) . 
Fig. 2.6. (a) Transistor with resistive load and (6) switching waveforms for npn transistor. 


in Fig. 2.6 (b). In this figure, ¢, = conduction period, f, = off period and T=1/f is the periodic 
time. 

2.3.1.3. Safe Operating Area. The safe operating area (SOA or SOAR) of a power tran- 
sistor specifies the safe operating limits of collector current J, versus collector-emitter voltage 
Vor For reliable operation of the transistor, the collector current and voltage must always 
lie within this area. Actually, two types of safe operating areas are specified by the manufac- 
turers, FBSOA and RBSOA. 

The forward-base safe operating area (FBSOA) pertains to the transistor operation when 
base-emitter junction is forward biased to turn-on the transistor. For a power transistor, Fig. 
9.7 shows typical FBSOA for its de as well as single-pulse operation. The scale for 
I, and Vo, are logarithmic. Boundary AB is the maximum limit for de and continuous current 
for Ver less than about 80 V. For Voz for more than 80 V, collector current has to be reduced 
to boundary BC so as to limit the junction temperature to safe values. For still higher Vog, 
current should further be reduced so as to avoid secondary breakdown limit. Boundary CD 
defines this secondary breakdown limit. Boundary DE gives the maximum voltage capability 
for this particular transistor. fa 

For pulsed operation, power transistor can dissipate more peak power so long as average 
power loss is within safe limits of junction temperature. In Fig. 2.7 ; 5 ms, 500 pts etc, indicate _ 
pulse widths for which transistor is on. It is seen that FBSOA increases as pulse-width is 
decreased. 


It should be noted that FBSOA curves, as given by the manufacturers, are for a case 
temperature of 25°C and for dc and single-pulse operation. In order to take into considera “on 

the actual working temperature and repetitive nature of the pulses, these curves must be 
modified with'the help of thermal impedance of the device. “— 
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Fig. 2.7. Typical forward biased safe Fig. 2.8. Typical reverse-block safe operating 
operating area (FBSOA) for a power area (RESOA) for a power transistor. 
transistor (logarithmic scale) 


During turn-off, a transistor is subjected to high current and high voltage with 
base-emitter junction reverse biased. Safe operating area for transistor during turn-off is 
specified as reverse blocking safe operating area (RBSOA). This RBSOA is a plot of collector 
current versus collector-emitter voltage as shown in Fig. 2.8. RBSOA specifies the limits of 
transistor operation at turn-off when the base current is zero or when the base-emitter 
junction is reverse biased (i.e. with base current negative). With increased reverse bias, area 
RBSOA decreases in size as shown in Fig. 2.8. 

Example 2.1. For a power tranststor, typical switching waveforms are shown in Fig. 2.6. 
The vartous parameters of the transistor circutt are as under : 

Veo =220 V, Verg=2 V, Icg = 80 A, tz = 0.4 ps, t. = 1 ps, £, = 50 ps, 
tf, =3 ls, t-=2 us, t, = 40 us, f=5 kHz. Collector to emitter leakage current = 2 mA. 

Determine average power loss due to collector current during t,, and t,. Find also the peak 
instantaneous power loss due to collector current during turn-on time, 

Solution. During delay time, the time limits are 0 <¢ <7,. Fig. 2.6 (6) shows that in this 
time, La (t) = lero and UcRr (t) = Vee: 

. Instantaneous power loss during delay time is 

P (t) = lo Vor = lero Vee ~ 2 a 10°° 4 220 = 0.44 W 

Average power loss during delay time with 0 <t<t, is given by 


Lr 
Pa a 2 J, ic(t) -Ucr (f) dt 


1 (* 
=z), leeo: Veo dt =f + Iero: Veo: ta 
Ben 22x10 x 220 x 0.4x 10° °=0.88 mW 


where f= z= frequency of transistor switching 


During rise time, | OsfSt,, 
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. yeodes por pe 
ie (tf) = ‘ ‘f ee Crh yes ThAe 
V. a, si | éa2aréth College Oo Tecnica 
and Urr (f)= | ¥oo- eS a j Teacher Education 
fr LP oR yg 
.. Average power loss during rise time is LIBRARY - 
I Ver — V, 
P. =if, « 4cs_ t| Voo- an: CES la 
Veo _ Vee - Wises 
=f Teg ° t [tz 9 3 
=5 x 10x 80x1x10-° - Stee "|= 14.933 W 


Instantaneous power loss during rise time is 
des Vee - Vex 
ft as ieee 


2 
Pe fy “os -F -£ 
>. i GG tan ie 
r 





dP, (t) 


= = 0 gives time t,, at which instantaneous power loss during ¢t, would be maximum. 
It is seen from Eq. (z) that 





tn Bg Woah 8 aD OSHS HS | 
Peak instantaneous power loss P.,,, during rise time is obtained by substituting the value 
of t=¢,, in Eq. (i). 


P _tes Veo : t, Ios (Voc: t,)” Veo - Vezsl 


ae 2 Voc = Vers) p 4 [Veo — Vere” 


4 [Veo- Voss if (220-2) ——— 
Total average power loss during turn-on 
P,,, = P,+P_=0.00088 + 14.933 = 14.9839 W 
During conduction time, 0<#<t, 
Ts 
ic (t)=I¢g and Vog (f) = Vezs 
Instantaneous power loss during f,, is 
P, ()=i¢ Urr =Leg: Vers =80x2= 160 W 


Peeves power loss during conduction period is 
are. | 
P= 7p I, tc Uog dt = fog: Vogs: ty 


=5 x 10°x 80x 2x50x10-°=40 W. 
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Example 2.2. Repeat Example 2.1 for obtaining average power loss during turn-off time 
- and off-period, and also peak instantaneous power loss during fall time due to collector current. 
Sketch the instantaneous power loss for period T as a function of time. 
solution. During storage time, 0 si <t,, 
tc (t) =Igg and veg (t) = Vegs 
_ Instantaneous power loss during f, is 
P, (t) =i¢ (t) Ugg (6) : 
=Ipg: Voges = 80% 25 160 W 


Average power loss during ¢, is 


i | 
Paz), Ios: Vers dt =f Ice: Vers: ts 
=5 x 10° x 80x2x3x 10 °=2.4W 
leg -Icro 


7 f 


During t,, [ogg is negligibly small in comparison with I¢g, 
Le (f)= Teg E = 4 
i 
Van Fiad 
and Ux ‘je 
He 
Average power loss during fall time is 


Vee - Vers | 
P-= th s(1-f)| oe tle 


i I 
=f ee Vegs) ¢ t es aie tos 
=f tp: “es [Voc — Vecgsl 


=5 x 10°x 3x 10" x 80x 2 x (220 - 2) = 43.6 W 
Instantaneous power loss during fall time is 


| t || Voce — Vers 
meeps 
f Cel spi a 
_tos Vee — Vers): 
te 


2 
, r 
—les (Wee - Vers) e 


ae uy gives time r,, at which instantaneous power loss during ¢, would be maximum. 
_ Here = ty/ 2. 
.. Peak instantaneous power dissipation during f; is 


pe hy Vce™= Vers | Ics (Voc — Vers) 
sD 2 | 4 
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= SO (ee = £) = 4360 W 


Total average power loss during turn-off process 1s 

Pog= P+ Prp=2.4t 43.6= 46 W 
During off-period, 0<=#<fp, 

ic(t)=Icgo and vegtt) = Vec 
Instantaneous power loss during ¢, is 

Po(t)=ic - ver =Icg0: Veo = 2 X 107 * x 220 = 0.44 W 
Average power loss during f, 1s 
Py = - j,’ P,(t)dt =fIczo- Vec: to 
=5 x 10°x 2x10? x 220 x 40 x 10 °=0.088 W 
Total average power loss in power-transistor due to collector current over a period T is 
Pp=P.,, + Py, + Pog t Po = 14.9339 + 40 + 46 + 0.088 = 101.022 W. 


P(t) 







sy 


Fig. 2.9. Sketch of instantaneous power loss ina transistor for Examples 2.1 and 2.2. 

From the data obtained in Examples 2.1 and 2.2, the power loss variation as a function 
of time, over a period T, is sketched in Fig. 2.9. | 

Example 2.3. A power transistor has its switching waveforms as shown in Fig. 2.10. If 
the average power loss in the transistor is limited to 300 W, find the switching frequency at 
which this transistor can be operated. ae 

Solution. 

Energy loss during turn-on 


= | i ‘Upp dt 
Roce 
fon (Ics _ 4 06 Vee +76 
=f {8 x 10% t || Vo - 22 x 10% |e 
J, ea | Ve. E101 


t | cous Fr ak | om 4 
| i -T3s— 
= { “4 (2 x 10°) (200 — 5 x 10°F) dé ) a ere 


a NS Fig. 2.10. Switching waveform for Example 2.8: 
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‘oft | | 
Energy loss during turn-off = hy 100 -— x 10° j Te x 10° ‘ dt 


= 0.1603 watt—sec 
Total energy loss in one cycle 

= 0.1067 + 0.1603 = 0.267 W-sec 
Average power loss in transistor 

= switching frequency x energy loss in one cycle 
‘, Allowable switching frequency, 


300 
f= 0.267 





= 1123.6 Hz 


2.4. POWER MOSFETs 

A metal-oxide-semiconductor field-effect transistor (MOSFET) is a recent device 
developed by combining the areas of field-effect concept and MOS technology. 3 

A power MOSFET has three terminals called drain, source and gate in place of the 
corresponding three terminals collector, emitter and base for BJT. The circuit symbol of power 
MOSFET is as shown ‘in Fig. 2.11 (&). Here arrow indicates the direction of electron flow. A 
BJT is a current controlled device whereas a power MOSFET is a voltage-controlled device. 
As its operation depends upon the flow of majority carriers only, MOSFET is a unipolar device. 
The control signal, or base current in BJT is much larger than the control signal (or gate 
current) required in a MOSFET. This is because of the fact that gate circuit impedance in 
MOSFET is extremely high, of the order of 10° ohm. This large impedance permits the 
MOSFET gate to be driven directly from microelectronic circuits. BJT suffers from second 
breakdown voltage whereas MOSFET is free from this problem. Power MOSFETs are now 
finding increasing applications in low-power high frequency converters. 


V; 
Do Leac 











Silicon 
G Skid 
Gate 
p-substrate 
3 0 Source ; | 
(a) (b) 


Fig, 2.11. N-channel enhancement power MOSFET 
(a) circuit symbol and (5) its basic structure. 

Power MOSFETs are of two types ; n-channel enhancement MOSFET and p-channel 
enhancement MOSFET. Out of these two types, n-channel enhancement MOSFET is more 
common because of higher mobility of electrons. As such, only this type of MOSFET is studied 
in what follows. es * 
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A simplified structure of n-channel planar MOSFET of low power rating is shown in Fig. 
2.11 (6). On p-substrate (or body), two heavily doped n* regions are diffused as shown. An 
insulating layer of silicon dioxide (SiO,)-is grown on the surface. Now this insulating layer 
18 etched in order to embed metallic source and drain terminals. Note that n” regions make 
contact with source and drain terminals as shown. A layer of metal is also deposited on SiO. 
layer so as to form the gate of MOSFET. | ; 

When gate circuit is open, no current flows from drain to source and load because of one 
reverse-biased n’—p junction. When gate is made positive with respect to source, an electric 
field is established as shown in Fig. 2.11 (5). Eventually, induced negative charges in the 
p-substrate below SiO, layer are formed. These negative charges, called electrons, form 
n-channel and current can flow from drain to source as shown by the arrow. If Vec is made 
more positive, n-channel becomes more deep and therefore more current flows from D to S. 
This shows that drain current I, is enhanced by the gradual increase of gate voltage, hence 
the name enhancement MOSFET. 

The main disadvantage of n-channel planar MOSFET of Fig. 2.11 (6) is that conducting 
n-channel in between drain and source gives large on-state resistance This leads to high 
power dissipation in n-channel. This shows that planar MOSFET construction of Fig. 2.11 
(0) is feasible only for low-power MOSFETs. | 
| The constructional details of high power MOSFET are illustrated in Fig. 2.12. In this 
figure is shown a planar diffused metal-oxide-semiconductor (DMOS) structure for n-channel 
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Fig. 2.12. Basic structure of a n-channel DMOS power MOSFET. 
which 15 quite common for power MOSFETs. On n* substrate, high resistivity mn” layer is 
epitaxially grown. The thickness of n~ layer determines the voltage blocking capability of 
the device. On the other side of n* substrate, a metal layer is deposited to form the drain 
terminal. Now p regions are diffused in the epitaxially grown n layer. Further, n* regions 
are diffused in p regions as shown. As before, SiO, layer is added, which is then etched so as 








7A of silicon atoms and pentavalent atoms, deposited on wafer, forms a layer of n-type semicon uctor 
on heated surface. This layer is called expitaxial layer. ret as 
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to fit metallic source and gate terminals. A power MOSFET actually consists of a parallel 
connection of thousands of basic MOSFET cells on the same single chip of silicon. 


When gate circuit voltage is zero, and Vpp is present ,m —p junctions are reverse biased 
and no current flows from drain to source. When gate terminal is made positive with respect 
to source, an electric field is established and electrons form n-channel in the p regions as 
shown. So a current from drain to source is established as indicated by arrows. With gate 
voltage increased current Jp also increases as expected. Length of n-channel can be controlled 
and therefore on-resistance can be made low if short length is used for the channel. 

Power MOSFET conduction is due to majority carriers, therefore, time delays caused by 
removal or recombination of minority carriers are eliminated. Thus, power MOSFET can 
work at switching frequencies in the megahertz range. 

2.4.1. MOSFET Characteristics 

The static characteristics of power MOSFFT are now described briefly. The basic circuit 
diagram for n-channel power MOSFET is shown in Fig, 2.13 (a) where voltages and currents 
are as indicated. 

(a) Transfer characteristics. This characteristic shows the variation of drain current 
Ip as a function of gate-source voltage Vis. Fig. 2.13 (b) shows typical transfer characteristic 
for n-channel power MOSFET. It is seen that there is threshold voltage Vz.or below which 
the device is off. The magnitude of Veer is of the order of 2 to 3 V. 





7 ih 
Fig. a ts N-channel power MOSFET circuit ae and 
(b) its typical transfer characteristic. 

(b) Output characteristics. Power MOSFET output characteristics shown in Fig. 2.14 
indicate the variation of drain current Jp as a function of drain-source voltage Ves as a 
parameter, For low values of Vp, the graph between Ip — Vp, is almost linear ; this indicates 

_ 4 constant value of on-resistance Rpg =Vpc¢/Ip. For given Vee, if Vps is increased, output 


characteristic is relatively flat indicating that drain current is nearly constant. A load line 
intersects the output characteristics at A and B. Here A indicates fully-on condition and B 
tully-off state. Power MOSFET operates as a switch either at A or at B just like a BJT. 
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Fig. 2.14. Output characteristics Fig. 2.15, Switching wavelorms 
of a power MOSFET. for power MOSFET. 


(c) Switching characteristics. The switching characteristics of a power MOSFET are 
influenced to a large extent by the internal capacitance of the device and the internal 
impedance of the gate drive circuit. At turn-on, there is an initial delay t,,, during which input 
capacitance charges to gate threshold voltage Vesr Here t,, is called turn-on delay time. 

There is further delay t, called rise time, during which gate voltage rises to Vasp, a voltage 
sufficient to drive the MOSFET into on state. During ¢,, drain current rises from zero to full 
on current Jp. Thus, the total turn-on time is ¢,, =t,, + ¢,. The turn-on time can be reduced 
by using low-impedance gate drive source. 

As MOSFET is a majority carrier device, turn-off process 1s initiated soon after removal 
of gate voltage at time f¢,. The turn-off ‘delay time, tu, is the time during which input 
capacitance discharges from overdrive gate voltage V, to Vgsp. The fall time, hf is the wime 
during which input ¢apacitance discharges from V@ggp to threshold voltage. During tp drain 
current falls from I, to zero. So when Ves S Vgg7, MOSFET turn-off is complete. Switching 
waveforms for a power MOSFET are shown in Fig. 2.15. 

‘Power MOSFETs are very popular in switched mode power supplies. They are, at present, 
available with 500 V, 140 A ratings. a 

9.4.2. Comparison of MOSFET with BJT 

Power MOSFET has several features different from those of BJT. These are outlined as 
under : 

(i) Power MOSFET has lower_switching losses but its on-resistance and conduction losses 
are more. A BJT has higher switching losses but lower conduction logs. So at high frequency 
applications, power MOSFET is the obvious choice. But at lower operating frequencies (less 
than about 10 to 30 kHz), BJT is superior. 

(ii) MOSFET is voltage controlled device whereas BJT is current controlled device, — 






(tit) MOSFET has positive temperature coefficient for resistance. This makes aral ‘] 
operation of MOSFETs easy. If a MOSFET shares increased current initially, it heats up 
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ee its resistance rises and this increased resistance causes this current to shift to other 
evices in parallel. A BJT has negative temperature coefficient, so current-sharing resistors 
are necessary during parallel operation of BJTs. | 
(wv) In MOSFET, secondary breakdown does not occur, because it has positive temperature 
Sains As BJT has negative temperature coefficient, secondary breakdown occurs. In BJT. 
with decrease in resistance, the current increases. This increased current over the ; ea 
results in hot spots and breakdown of the BJT. a 
(v) Power MOSFETs in higher voltage ratings have more conduction loss. 
(vt) The state of the art MOSFETs are available with rati | ( OL 
1 | HLS a ith ngs upto 500 V, 140 A where 
BJTs are available with ratings up to 1200 V, 800 A. os — 
2.5. INSULATED GATE BIPOLAR TRANSISTOR (IGBT) 
IGBT is a new development in the area of power MOSFET to i 
~e is a ve it : power MOSFET technology, This device 
combines into it the advantages of both MOSFET and BJT. So an IGBT has high input 
papeneace like a MOSFET and low-on-state power loss as in a BJT. Further, IGBT is free 
om second breakdown problem present in BJT. IGBT is also known as metal-uxide insulated 
gate transistor (MOSIGT), conductively-modulated field effect transistor (COMFET) or 
gain-modulated FET (GEMFET), It was also initially called insulated gate transistor (IGT). 
2.9.1, Basic Structure and Working 
Fig, 2.16 illustrates the basic structure of an IGBT. It is constructed virtually in the same 
ees as a power MOSFET. There is, however ; a major difference in the substrate The 
n layer substrate at the drain in a power MOSFET is now substit in 3 , | 
| te at ' substituted in the IGBT by a p* 
layer substrate called collector. Like a power MOSFET, an IGBT has also thousands of basic 
structure cells connected appropriately on a single chip of silicon. | 
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Fig. 2.16. Basic structure of an insulated gate bipolar transistor (IGBT). 
When gate is positive with respect to emitter and with cat ti 
i te ve : t with gate-emitter voltage more than 
the threshold voltage of IGBT, an n-channel is formed in the p-regions as ina cade MOSFET 
Fig. 2.16. This n-channel short circuits the n- region with n* emitter regions. An electron 
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movement in the n-channel, in turn, causes subst 
into the epitaxial n™ layer. Eventually, a forward current is established as shown in Fig. 2.16 
a nt 7 * 2 | 

pee three layers Bia and p,consiitute a pnp transistor with p* as emitter, n~ as base 
= p as collector. Alson™, p andn layers constitute npn transistor as shown in Fig. 2.17 (a) 
‘rem serves as base for pnp transistor and also as collector for npn transistor. Further 
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Fig. 2.17. IGBT (a) Basic structure, | 


(b) its equivalent circuit and (c) its circuit symbol, 

P nee as collector for pnp device and also as base for npn transistor. The two pnp and 

errs pi is oar be eieean as shown in Fig. 2.17 (6) to give the equivalent 
: . rl. Pig. 2.17 (c) is the circuit symbol fo T wit te ( , 

Drdpiastisencice nr wit symbol for IGBT with gate (G), emitter (Z) and 


2.5.2. IGBT Characteristics 
The circuit of Fig. 2.18 (a) shows the various 





characteristics. parameters pertaining to IGBT 
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Fig. 2.18. IGBT (a) circuit diagram, 


(0) static V-T characteristics ‘trae eS Same a: 
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Static V-J or output characteristics of an IGBT (n-channel type) show the plot of collector 
current J, versus collector-emitter voltage V-, for various values of gate-emitter voltages. 
These characteristics are shown in Fig. 2.18 (6). In the forward direction, the shape of the 
output characteristics is similar: to that of BJT. But here the controlling parameter is 
gate-emitter voltage V;, because IGBT is a voltage-controlled device. 


The transfer characteristic of an IGBT is a plot of collector current J, versus gate-emitter 
voltage V., as shown in Fig. 2.18 (c). This characteristic is identical to that of power MOSFET. 
When Vg, is less than the threshold voltage Vaz, IGBT is in the off-state. 


When the device is off, junction J, blocks forward voltage and in case reverse voltage 
appears across collector and emitter, junction J, blocks it. 

2.0.4. Switching Characteristics 

Switching characteristics of an IGBT during turn-on and turn-off are sketched in Fig. 
2.19. The turn-on time is defined as the time between the instants of forward blocking to 
forward on-state (7). Turn-on time is composed of delay time ¢t,, and rise time f,. 1.e. 
t,, =t,, + t,. The delay time is defined as the time for the collector-emitter voltage to fall from 
Veg to 0.9 Veg. Here Vo, is the initial collector-emitter voltage. Time ¢,,, may also be defined 
as the time for the collector currerit to rise from its initial leakage current J, to 0.1 J. Here 
I- is the final value of collector current. 
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Fig, 2.19. IGBT turn-on and turn-off characteristics. 
The rise time t, is the time during which collector-emitter voltage falls from 0.9 Ve, to 
0.1 Veg It is also defined as the time for the collector current to rise from 0.1 J, to its final 
value J,. After time ¢,,,, the collector current is J, and the collector-emitter voltage falls to 
_ small value called conduction drop = Vegg where subscript $ denotes saturated value. 
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The turn-off time is somewhat complex. It consists of three intervals : (z) delay time, fj, 
(iz) initial fall time, t, and (zzz) final fall time, ty ; Le. toy = tap t+ ta + f-The delay time 1s the 
time during which gate voltage falls from Veg to threshold voltage Vorr. As Ver falls to 
Vorr during t,,, the collector current falls from I; to 0.9 I,. At the end of ¢,,, collector-emitter 
voltage begins to rise. The first fall time ¢, is defined as the time during which collector 
current falls from 90 to 20% of its initial value J, or the time during which collector-emitter 
voltage rises from Vogs to 0.1 Veg. 


The final fall time t, is the time during which collector current falls from 20 to 10% of 
I,, or the time during which collector-emitter voltage rises from 0.1 Vee to final value Veg 
see Fig. 2.19. 

2.5.4. Applications of IGBT 

IGBTs are widely used in medium power applications such as de and ac motor drives, 
UPS systems, power supplies and drives for solenoids, relays and contactors. Though IGBTs 
are somewhat more expensive than BJTs, yet they are becoming popular because of lower 
rate-drive requirements, lower switching losses and smaller snubber circuit requirements. 
IGBT converters are more efficient with less size as well as cost, as compared to converters 
based on BJTs. Recently, IGBT inverter induction-motor drives using 15-20 kHz switching 
frequency are finding favour where audio-noise is objectionable. In most applications, IGBTs 
will eventually push out BJTs. At present, the state of the art IGBTs are available upto 1200 
V, 500 A. 

3.6. MOS-CONTROLLED THYRISTOR (MCT) 

An MCT is a new device in the field of semiconductor-controlled devices, It is basically a 
thyristor with two MOSFETs built into the gate structure. One MOSFET is used for turning 
on the MCT and the other for turning off the device. An MCT is a high-frequency, high-power, 
low-conduction drop switching device. 

An MCT combines into it the features of both conventional four-layer thyristor having 
regenerative action and MOS-gate structure. However, in MCT, anode is the reference with 
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Fig. 2.20. Basic structure of an MCT. 
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respect to which all gate signals are applied. In a conventional SCR, cathode is the reference 
terminal for gate signals. 

The basic structure of an MCT is shown in Fig. 2.20. A practical MCT consists of thousands 
of these basic cells connected in parallel, just like a power MOSFET (7, 8). This is done in 
order to achieve a high-current carrying capacity of the device. 

_ The equivalent circuit of MCT is shown in Fig. 2.21 (a). It consists of one on-FET. one 
off-FET and two transistors. The on-FET is a p-channel MOSFET and off-FET is an n-channel 
MOSFET. An arrow towards the gate terminal indicates n-channel MOSFET and the arrow 
away from the gate terminal as the p-channel MOSFET. The two transistors in the equivalent 
circuit indicate that there is regenerative feedback in the MCT just as it is in an ordinary 
thyristor. Fig. 2.21 (b) gives the circuit symbol of an MCT. 

An MCT is turned-on by a negative voltage pulse at the gate with respect to the anode 
and is turned-off by a positive voltage pulse. Working of MCT can be understood better by 
referring to Fig.:2.21 (a). : 

| Turn-on process. As stated above, MCT is turned on by applying a negative voltage 
pulse at the gate with respect to anode. In other words, for turning on MCT, gate is made 
négative with respect to anode by the voltage pulse between gate and anode. With the 
application of this negative voltage pulse, on-FET gets turned-on and off-FET is off. With 


Ao Anode 
| | | A, 
Gate : | | 
Go +—+———_{ pnp | 
, O-F ET | — | 
fap ~«n-Channel) es G 
: On-FET 





<< (p-Channel) 


C OCathode " 

- (a) (5) 

Pig. 2.21. MCT (a) equivalent circuit and (b) circuit symbol, 
on-F'ET on, current begins to flow from anode A, through on-FET and then as the base current 
and emitter current of npn transistor and then to cathode C, This turns on npn transistor. 
As a result, collector current begins to flow in npn transistor. As off-FET is off, this collector 
current of npn transistor acts as the base current of pnp transistor. Subsequently, pnp 
transistor is also turned on. Once both the transistors are on, regenerative action of the 
connection scheme takes place and the thyristor or MCT is turned on. 

Note th at on-FET and pnp transistor are in parallel when thyristor is in conduction state. 

- During the time MCT is on, kase current of npn transistor flows mainly through pnp transistor 
because of its better conducting property. 
, Turn-off process. For turning-off the MCT, off-FET (or n -channel MOSFET) is energized 
by positive voltage pulse at the gate, With the applicatién of positive voltage pulse, off-FET 
is turned on and on-FET is turned off. After off-FET is turned on, emitter-base terminals of 
pnp transistor are short circuited by off-FET. So now anode current begins to flow through 
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off-FET and therefore base current of pnp transistor begins to decrease. Further, collector 
current of pnp transistor that forms the base current of npn transistor also begins to decrease. 
As 2 eo base currents of both pnp and npn transistors, now devoid of stored charge 
In their n and p bases respectively, begin to decay. This regenerative action event 
ia di ¥ generative action eventually turns 
An MCT has the following merits - 
(1) Low forward conduction drop, 
(tz) fast turn-on and turn-off times, 
(ti) low switching losses and 
(tv) high gate input impedance, which allows simpler design of drive circuits. 
: An MCT 18 a brand-new device which is likely to be available commercially very soon. As 
iL possesses highly adaptable features for its use as a switching device, it seems to have 
tremendous scope for its widespread applications, Its potential applications include de and 
ac motor drives, UPS systems, induction heating, de-de converters, power line conditioners 
etc. It may, in the near future, challenge the existence of most of the available devices like 
thyristors, GTOs, BJTs, IGBTs (7), 


2.7. NEW SEMICONDUCTING MATERIALS 


At present, silicon enjoys monopoly as a semiconductor material for the commercial 
production of power-control devices. This is because silicon is cheaply available and 
semiconductor devices of any size can be easily fabricated on a single silicon chip. There are 
however, new types of materials like gallium assenic (GaAs), silicon carbide and diamond 
which possess the desirable properties required for switching devices. At present 
state-of-the-art technology for these materials is primitive compared with silicon, and many 
more years of research investment are required before these materials become eommiercially 
viable for the production of power-contolled devices. Superconductive materials may also be 
used in the manufacture of such devices, but work in this direction has not yet been reported. 

Germanium is not used in the fabrication of thyristors because of the following reasons: 

(¢) Germanium has much lower thermal conductivity ; its thermal resistance is, there- 
fore, more. As a consequence, germanium thyristors suffer from more losses, more 
temperature rise and therefore lower operating life. 

(iz) Its breakdown voltage is much less than that of silicon. It means that germanium 
thyristor can be built for small voltage ratings only. ae 
(ttt) Germanium is much costlier than silicon. 


PROBLEMS 





2.1. (a) What is a diode ? Give the difference between power and signal diodes, (b) Discuss the 
differences between p-n Junction diodes and Schottky diodes. 7 
3 \c) Describe reverse recovery characteristics of diodes, Show that reverse recovery time and peak 
inverse Current are dependent upon storage charge and rate of change of current. 
2.2 (a) Describe the various types of power diodes indicating clearly the differences amongst them. 
(6) Discuss static V-I characteristic of a power diode, 
2.3. (a2) What is cut-in voltage in a diode ? What are other terms used for cut-in voltage ? 
(6) Discuss the following terms for diodes - 
Soitness factor, PIV, reverse recovery time, reverse recovery current. 
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__ (e) For a power diode, the reverse recovery time is 3.9 ys and the rate of diode-current decay is 
50 A/us. For a softness factor of 0.3, calculate the peak inverse current and storage charge. 


[Ans. (c) 150 A, 292.5 we] 
2.4. (a) Discuss the power loss in a diode during the reverse recovery transients. 
(6) The forward characteristic of a power diode can be represented by vr = 0.88 + 0.0157, Determine 
the average power loss and rms current for a constant ctirrent of 50 A for 2/3 of a cycle. 


2T/3 
int (6) With T as the time of a cycle, average power loss =5 I, ur Tdt te 


[Ans, (6) 54.33 W, 40.825 A] 

4.9. (a) Enumerate the types of power transistors along with their circuit symbols. 

(5) What is a bipolar junction transistor ? Why is it so called ? 

Describe the types of BJTs with their circuit symbols 
- es Hetae a and § for BJT and develop a relation between the two. Why is « less than 1 and B more 
OAT t 

(a2) Why is it preferrable to use hard drive for BJT ? 

2.6. (a) What is the difference between 6 and forced B- for BJTs ? 

(5) What are the conditions under which a transistor operates as a switch ? 

Discuss hard-drive and overdrive factor for BJT. 

(c) Show that collector current at saturation remains substantially constant even if base current is 
increased. 

2.7. (a) Explain the switching performance of BJT with relevant waveforms. Indicate clearly turn-on 
and turn-off times and their components. 

(6) Describe FESOA and RBSOA for BJTs. 

2.8. (2) Describe the input and output charac- 
teristic for a BJT. Show the region of the transistor 
characteristic where it acts like a switch. 


(6) Typical switching waveforms for a power tran- 


le 









sistor are shown in Fig. 2.22. Show that switch-on a iE ! t 
energy loss is given by CE | 
l 
Veto 
oS Vee 





Also obtain an expression for the average value of e 


switch-on loss. . : : 
| a ee t 
(c) Derive expressions for the switch-off energy 


loss and also for its average value for the waveforms ae | , | 
shown in Fig, 2.22. Fig. 2.22. Pertaining to Prob. 2.8 (6). 


Veo: les Vec-les,  Vee-Tos 
Ans Ope Foe CN Rate el ba 
2.9. In case Jang =80 A, Ver =220 V, t,,=1.5 us and? off = 4s for the switching waveforms shown 
in Fig. 2.22, find the energy loss during switch-on and switch-off intervals. Find also the average ae 
loss in the power transistor for a switching frequency of 2 kHz. 
Derive the expressions used. [Ans 4.4mWs, 11.73 mWs, 32.267 W] 


2.10. (a) For the typical switching waveforms shown in Fig. 2.22 for a power transistor, find 
expressions that give peak instantaneous power loss during ¢,, and t,, intervals respectively. 
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(6) In pelog= 80.A, Vee = 220 V, ¢,, = 1.5 us and fog = 4 Hs, ind the peak value of instantaneous 
power loss during ¢,,, and tf Intervals respectively. 1 


les: Var Tes: Ver 
[Ans. (a) ““ =, S_—£€ () 4400 W, 4400 WI 
2.11, A power transistor is used as a switch and typical waveforms are shown in Fig. 2.6. The 
parameters for the transistor circuit are as under : 
Voc = 200 V, Vers = 2.5 V, les= 60.A, f7=0.5 pis, t.= 1s, 
f, =40 us, f,=4 us, te=3 Us, fp =30 us, f= 10 kHz, 
Collector to emitter leakage current = 1.5 mA. 
| Determine average power loss due to collector current during t4, and?, . Find also the peak 
instantaneous power loss due to collector current during turn-on time. 
Sketch the instantaneous power loss during f,,, and f,,. [Ans. 20.5015 W, 60 W, 3037.97 W] 
2.12, Repeat Prob. 2.11 for obtaining average power loss during turn-off time and off-period, and 
also peak instantaneous power loss during fall time due to collector current. 
Sketch the instantaneous power loss during turn-off time and off-period. 


2.13. Fig. 2.23 shows the switching charac- y it 
teristics for a power semiconductor device. Derive — 
the expressions for energy loss during turn-on 
and turn-off periods, and also for the average 
switching loss. Sketch the variation of power loss 
during turn-on and turn-off periods. 

For V, = 220 V, J,=10A, t; =1 us, to = 2 us, 
tg = 1.5 is and ty =8 us, find the average value of 


power-switching loss in the device for a switching 
frequency of 1 kHz. 


Fig. 2.23. Pertaining to Prob. 2.13. 


1 > 1 
| Ans, 9 V, F, (fy Sm fo), 9 Vv, I, (fs + ta), : V, i itt, + laff) V5 w| 


2.14. (a) Explain the constructional details and working of] | SFET anc opp 
an | etal f of low-power MOSFET and: *MOSFE 
and bring out the differences between the two. 2 jake paves 

(6) Discuss transfer and output characteristics of power MOSFETs. 

2.15, (a) Describe the switching characteristics of power MOSFETs. 

(6) Compare power MOSFETs with BJTs. 

2.16. (a) What is IGBT ? What are its other names ? Give its basic structural features and working. 

(6) Derive the equivalent circuit of IGBT from its structural detail cribe j ; ‘ran 
ce cre rank , etails. Also describe input and transfer 

2.17. (a) Explain switching characteristics of an IGBT. 

(0) Why are IGBTs becoming popular in their applications to cor 3 

7 | | 1 controll rs? Enut 

some applications of IGBTs. ~ 5 oo Sane Seas 


. 2.18. (a) Describe the basic structure of MOS controlled thyristor ( ive j ivatond erro 
| ="! 1 "@ OF Ly, | d thyristor (MCT). Give its equivalent circui 
and explain the turn-on and turn-off processes. ave SDL Eset 


Give futuristic applications of MCTs. 
(6) Discuss briefly about new semiconducting materials. 
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: A rectifier is a circuit that converts ac input voltage to de output voltage. Semiconductor 
diodes are used extensively in power electronic circuits for the conversion of power from ac 
to dc. A rectifier employing diodes is called an uncontrolled rectifier, because its average 
output voltage is a fixed dc voltage. 

In this chapter, first diode circuits involving different combinations of R, L and C are 
studied, and then diode rectifiers are described. For simplicity, the diodes are considered as 
ideal switches. An-ideal diode has no forward voltage drop and reverse recovery time is 
negligible. 
3.1. Diode Circuits with DC Source 
_ In this section, the effect of switching a dc source to a circuit consisting of diode and 
different circuit parameters is examined. The conclusions arrived at can then be applied to 
similar situations encountered later in power-electronic circuits. , 

3.1.1, Resistive Load 

In the circuit of big. 3.1 (a), when switch S is closed, the current rises instantaneously 
to V,/R as shown in Fig. 3.1 (6). Here V, is the de source voltage and R is the load resistance. 
When switch S is opened at f,, the current at once falls to zero, Fig, 3.1 (6). Voltage vp across 
diode is zero during the time diode conducts and is equal to + V, after diode stops conducting. 





(b) t 


Fig. 3.1, Diode circuit: with R load (a) circuit diagram and (6) waveforms. 
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3.1.2. RC Load 


. 44 circuit with de source, diode and RC load j an ite * ld ae 
closed at ¢=0, KVL gives is shown in Fig. 3.2 (a). When switch S is 

















Ri re x ide = v, 
Its Laplace transform is R I(s) + ae) + q(0) = vs 
Cl. males (3.1) 
As the initial voltage across C is zero, q(o) = 0. With this, Eq. (3.1) becomes 
le) R + - = Ys 
jm, OG end 
or I(s)= rife ve. A 
R ie S + ak. 
. FO 
f 
a8 
V+ 
f 
© 
OQ - : 
ey ieee ON (b) s 
Fig. 3.2, Diode circuit with RC load (a) circuit diagram and (6) waveforms. 
It Liz | - YL ro bo We —f/AC 
s Laplace inverse is t= +e i ...(3.2) 
The voltage across capacitor is 
male Bo V, i —-fEC 
u(t) ==|, idt = FF F e 
= V. (1 —¢. ea w(t) | 
ae (le "4 (3.36) 


where t= RC is the time constant for RC circuit. From Eq. (3.3a), initial rate of change of 


capacitor voltage is given by 
| dv, , ire _ 4 Ve 
ca }_-[v. ; 6 |p" 6 ane? 


- ‘Time constant, RC: source gellar, V, 
. (d v,/dt), 4 


In Fig. 3.2 (6), current and voltage variations are as shown. 
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3.1.3. RL Load 
When switch S is closed at t= 0 in the RL and diode circuit of Fig. 3.3 (a), KVL gives 








di 
Ri+L— =V, (3.5) 
Fig. 3.3. Diode circuit with RL load (a) circuit diagram and (b) waveforms. 
With initial current in the inductor as zero, the solution of Eq. (3.5) gives 
4 ous ; Fe | 
L ) ~~ R ( —€ : ) .(o.6) 
Initial rate of rise of current is 
di) _(Vs -2, Ys 3+ 
a Shr ce E. | of wG.7) 
t=0 : t=0 
di Ft 
The voltage acrossLis v7(t)=L i V,-¢@ * .(3.8) 


For RL circuit, - =T 1s the time constant. The waveforms of current and voltage across 
inductance are sketched in Fig. 3.3 (b). 

3.1.4. LC Load 

A diode circuit with de source voltage V,, switch S and LC load is shown in Fig. 3.4 (a). 
When switch S is closed at t= 0, the voltage equation governing its performance is given by 


ati, Das 
Its Laplace transform is L [s I(s) —i(0)] + ae + I = Ys 
| Cl 3 8 s 
As the circuit is initially relaxed, (0) = 0 and ug (0) = 0 or g(0) =C - v-(0) = 0 


| 1s vs 
I 6} sb + its =-— 
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or 
ff 
(b) 
Fig. 3.4. Diode circuit with LC load (a) circuit diagram and (6) waveforms. 
Its Laplace inverse is u(t) = V, - NE sin n DoF ) (3.9) 
Here @, = ier is called resonant Foxe pa of the circuit. Capacitor voltage is given by 
1 

Uo(t) -3 i. L(£) - rat=a, V,: VET SIN @, ¢ 
Voltage across inductance is given by 

up (f) =L ao a Vos W,¢ ..(3.108) 
When ot tj = or er ty = ai: from Eq. (3.9), i(f))=0 and from Eq. (3.10a), G 


Here ‘ = 1/ Wp = vountincin time of diode =n VLC 


From Eq. (3.9), circuit or diode current at to/2= = attains a peak value of 
Wp 


I,=V,: VC/L as shown in Fig. 3.4 (6). Voltage across diode, soon after diode wee conduction 
at t) 18 given by 
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Up =—U,—Uet V,=0-2V,+V,=— Vs. 


Waveforms of i(t), vc, uz, and vp are sketched in Fig. 3.4 (6). It is seen that at 
bi=s— diode current reaches peak value, vc=V, and v,=0. Also at 
, i 


ty =1/ Wy) = (VLC), diode current decays to zero and capacitor is charged to voltage 2V,,. Soon 
after fp, voltage across L is zero and diode voltage up=— V,. 

Example 3.1. For the circuit shown in Fig. 3.5 (a), the capacitor is initially charged to a 
voltage V, with upper plate positive. Switch S is closed at t = 0. Derive expressions for the 
current in the circuit and voltage across capacitor C. What ts the peak value of diode current? 
Find also the energy dissipated in the circuit. 

Solution. When switch S is closed, KVL gives 


mene = 
Ri+2 J idt=0 


Its Laplace transform, including the initial voltage across capacitor, 18 


fc 4 | fo S|. 
rie)+3 | =o |=c 


| 11 Vo 
Vv. oe 
Its solution, as per Art. 3.1.2, is i(t) “> 7 (RC 





(a) 





(b) 


Fig. 3.5. Pertaining to Example 3.1 (a) circuit diagram and (b) waveforms. 


Vo 
-. Peak diode current =" 
aed nw 
Capacitor voltage, | v(t) = a J. idt — Vy 


al Vo meee, an 
al Re dt Vo 


er Vo e- ‘YRC 
Current i(t) and voltage u(t) are sketched in Fig. 3.5 (b). 


1 v2 Jouls 
hes emir ieee ircuit =— CV, Jonles seh | 
bE Knerey dissipated In the circuit 9 C "owatoaded From : ee anioc ins 
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Example 3.2. In the diode and LC network shown in Fig. 3.6 (a), the capacitor is initially 
charged to voltage V, with upper plate positive. Switch S is closed at t= 0. Derive expressions 
jor current through and voltage across C. 

Find the conduction time of diode, peak current through the diode and final steady-state 
voltage across C in case V,=400V, V,=100V, L=100pH and C=30uF Determine also 
the voltage across diode after it stops conduction. 

Soution : When switch S is closed, KVL for Fig. 3.6 (a) gives ge 


acetate 
Lo +4 | idt=V, 


Its Laplace transform gives a - cv 
TRA aA eee ee 
L [s I(s) ol+3| ea |< 


As initially i(0) = 0, the above equation becomes 
I(s) az + _ _emate KO 


sC s 





Fig. 3.6. Pertaining to Example 3.2 (a) circuit diagram and (4) waveforms. 
‘This equation in s-domain can be solved as in Art 3.1.4. Its solution is 


i(t) =(V,-V>)-~° + sin at 
be aa t 
Uc(f) = (V, — Vo) ‘\ T J sin f+ Vo 


=(V, = Vp) (1- cos wt) + Vg 
At @ ¢=0, u-(t)= Vo ina gf 2 Fi 
At @ t=1/2, Uc(t)=V, andat Wt=n, ue(t)=2 (V,- Vo) + Vo =2V,-Vp. 
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Diode conduction time, t= Lie =n VLC =nV30x 100 x 10°°=54.77 us 
“() 


Peak current through diode, I, =(V,— V5) Ve 


a A SQL 
= 300 J 550 = 164.32 A 


Steady state voltage across C occurs when (pf, = 1. 
Vc=2(V, — Vo) + Vg =2V,-—Vo=2x 400-100=700V 
Voltage across di after it stops conducting, is given by 
Up =— Uz, —Uc t+ V,=0-(2V, - Vo) + V, =- V, + Vp = — 400 + 100 
=- 300 V. 
Example 3.3. Jn the circuit shown in Fig. 3.7 (a), the capacitor has initial voltage of V, 


with upper plate positive. The circuit is switched at t=0. Derive expressions for current and 
voltage across capacito r. Find the conduction time for diode and steady-state capacitor voltage. 





Solution. The voltage equation for the circuit of Fig. 3.7 (a), after switch S is closed at 


t=0, 1s 
Ue 2 ee 
Late 1dt =0 


Its Laplace transform, including initial voltage across capacitor, is 


CV 
I(s) : atx 3 |e) CU) 0 


5 
Ni a) eee |= 
iC 0 I(s) sx+ 5 |- F 


Here minus sign is put before V,, because for the direction of positive current flow, polarity 
of V, 1s opposite. 


Solution of above s-domain equation, from Art. 3.1.4, is 






eT 
a) + ~! = 
— + + 
vel Ce (initial - lv 
by 4 vollage) a 


L 






(a) 6) 
Fig. 3.7, Pertaining to Example 3.3 (a) circuit didjmambpaied KignwawetoRnn: 
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i(t)=V,\ Fe sin @, ¢ 





Voltage ss Ci c(t) =) a/¢ ‘i 
fe across C is Uc(t) = Vo V7 i SIN Mpt — Vo =— Vo cos Wot 
Diode conduction time, ip  =nvLC 
| Do 
Steady-state capacitor voltage =~ V) cosm=+V, 
Voltage across diode, Un=- Vo. 


Waveforms for i, V- and Up are sketched in Fig. 3.7 (b) 


3.1.5. RLC Load 
A diode in series with RLC circuit is shown in Fj | VL i a eae 
switch’S is closed at 0, is sve - : nin Fig. 3.8 (a). KVL for this circuit, when 


iRi+L “+ | ide = V, 











Underdamped 
Critically damped - 





Overdamped 





(ct) 3 
= i: a a ' a - b 
Fig. 3.8. Diode circuit with RLC load (a) circuit diagram and By eg ee 
With zero initial conditions, the Laplace transform of above equation is 


I(s) R+sb4+ _~s 
sC s 
or I(s) — Vs ‘ eT * 
“ L R 1 
te Bt 
LG 


Sere ee . ae 
Here s*+ 7, *t Le =0 is the characteristic equation in s-domain. The roots of this 


equation are 





or ) 
sake 11) 
wh i / 
ere , oe AS. 12) 
is called the dampi? factor. | =Tre 3 


18 called resonant frequency in rad/sec 
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| \/ 1a if Re) | 
and = Vo lon .. (3.14) 
= Vo — €° = ringing frequency in rad /sec . 
Also Wy = Va, +E? 
| Depending upon the values of € and wp, the solution for the current can have three possible 
solutions. 


Case l. In case § < Wp, it is seen from Eq. (3.11) that the roots are complex and the circuit 
is said to be underdamped. The two roots are : 
§=-O+j@, and s,=-¢-ja, 
and the current is given by 





V, A 

et es a= GF of, ig : 
u(t) aL e sin wrt 4 (3.15) 
Case 2. If § > wp, the two roots are real and the circuit is said to be overdamped. The two 


roots are 





and the solution for current is 


hs V, : = , 
iO) => tga sinh Ve? ant ZF ...(3,16) 


Case 3. In case € = Wp, the roots are equal and the circuit is said to be eritically damped. 
The roots are s; =s,=-—€ and the solution for the current is 


aoc 1 Sey 
=> te! AK (3.17) 
as Waveforms of current for the three different levels of damping are sketched in Fig. 3.8 
Example 3.4. For the circuit of Fig. 3.8 (a), the data is as under : 
R=100, L=1mH, C=5 uF, V,=230V 
The circuit is initially relaxed. With switch closed at t = 0, determine (a) current i(t) (b) 
conduction time of diode (c) rate of change of current at t = 0. 
Solution : (a) From Eq. (3.12), 





10 4] wb 
c= Sa = 5000 rad / sec 
3 | 1 1 10%. «< , 
From Eq. (3.13), Oo = Tr = : ee as. 5 
* 10% 1/2 
From Eq. (3.14), = aa = 50007 = 13228.76 rad/s 


Here as € < @p, the circuit is underdamped. The current is, therefore, given by Eq. (3.15). 
13228.76x1 ° 

= 17.3864 - 2° °°". sin (13228.76 t) 
. © Wiki Engineering 


i(t) = - sin (13228.76)t 
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(b) Diode stops conducting when w, ¢, = 
.. Conduction time of diode, 


ra 








1 7 ' 
iS us aeDes. 76; Pee 
: ) di : V, 3 ee Se aoe + an Gt 
(c) From Eq. (3.15), a Ak *- @, cos wf — sin o,f -(-—Eje | 
o,LL 
di at aan 230 x 1000 = 230,000 A/s. 
db). Ei 1 


3.2. FREEWHEELING DIODES 
In Fig. 3.3 (a), steady state current, after switch S is closed, is equal to V,/R- If switch 


S is now opened, the energy stored | = : b (V./R) in inductance L will appear in the form 


of arc at the opening contacts of switch S. In order to avoid such an occurrence, a diode FD, 
called freewheeling, or flywheel, diode, is connected across RL as shown in Fig. 3.9. (a), For 
understanding how FD comes into play, the working of circuit of Fig. 3.9 (a) is divided into 
two modes. : 

Mode I : When switch S is closed in Fig. 3.9 (a) at t=0, current flows through 
V,,5, D, R and L as shown in Fig. 3.9 (6). In this circuit, current 1 1s given by 





Final value of current, f= 


in | Vv OF 
(Rs) i= — (1 -@ Ly , (od. 18) 
rs R 
i 
R 


Mode II : When switch § is opened at t= 0, current in the circuit tends to decay and so 
a voltage Lo is induced in L which Current 
forward biases freewheeling diode. The 
current is, therefore, transferred to the 
circuit consisting of FD, R and L as shown 
in Fig. 3.9 (c). In this circuit, current is 
given by 





Bic, eet, 
haze L ...(3.19) ony Bie 


Fig. 3.9 (d). Current variation in the circuit of Fig 3.8. 
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The current t, will eventually decay to zero exponentially in mode II of Fig. 3.9 (c). The 
current build up during mode I and current decay during mode II are shown in Fig. 3.9 (d). 
3.3. DIODE AND L CIRCUIT 

Consider the circuit of Fig. 3.10 (a) where de source feeds L through diode D. A 
freewheeling diode FD is connected across L. When switch S is closed at t= 0, KVL gives 

di 


=f — 
oh 


or sy 
L wold. 20) 





. _ (a) (6) 
Fig. 3.10. Diode circuit with FD amd L load (a) circuit diagram and (6) waveforms. 


This shows that current i rises linearly with time ¢. In case switch S is opened at ¢,, load 


yet 


current r t, begins to flow through FD. As there is no resistance in the circuit formed by 


Land FD, current continues to flow at its constant value of 7, f1. Energy stored in the 


ot aoe See [AM ove ) | 
inductance is 5 i t,| -L= 2 7 t, joules. Current waveforms are shown in Fig. 3.10 (6). 


3.4. RECOVERY OF TRAPPED ENERGY 
In the ideal circuit of Fig. 3.10 (a), the ener , tor i 
a See te eng energy stored in the inductor is trapped. This 
trapped energy is not dissipated even when F'D conducts because circuit does EN contain 
resistance. The best way of utilization of this trapped energy is to return it to the source. In 
this manner, not energy taken from the source is reduced and the system efficiency improves. 
One way of returning this trapped enervy back to | 7 indi 
Or t , : nergy back to the source is to add a second windin 
closely coupled with the inductor winding as shown in Fig. 3.11. A diode D is also placed in 
series with the second winding. The inductor now behaves like a transformer. The two 
windings are so arranged that their polarity markings are opposite to each other. 
- When switch 5 is closed, current 7 begins to flow and energy is stored in the inductance 
of primary winding with N, turns. The polarity of the secondary winding voltage V, is as 
shown. The diode D is reverse biased by voltage (V, + V,). 
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iy D 
1S Lt 
tr - oOo |G 
| + 
-le = + 
Vs , 2 3 In 
+75 fs !- 
h | - 
| Ny: No 
=a) 
(a) (D) 


Fig. 3.11. Energy-recovery circuit (a) switch S closed and (6) switch S opened. 
When switch S is opened, polarities of voltages V, and V, get reversed, the diode is now 
forward biased by voltage (V.- V,). As a result, diode begins to conduct a current i, into the 
positive terminal of source voltage V, and so the trapped energy is fed back to the source. 


Energy fedback to de source = V, x current i, dependent upon (V4, - V,). 


The energy stored in L of N, turns is transferred to secondary winding of N» turns from 
where it is fed back into the dc source. 
3.5. SINGLE-PHASE DIODE RECTIFIERS 

Rectification is the process of conversion of alternating input voltage to direct output 
voltage. As stated before, a rectifier converts ac power to de. In diode-based rectifiers, the 
output voltage cannot be controlled. 

In this section, uncontrolled single-phase rectifiers are studied. The diode is assumed 
ideal as before. 

3.5.1. Single-Phase Half-wave Rectifier 

This is the simplest type of uncontrolled rectifier. It is never used in mndustrial 
applications because of its poor performance, Its study is, however, useful in understanding 
the principle of rectifier operation. - 

In a single-phase half-wave rectifier, for one cycle of supply voltage, there is one half-cycle 
of output, or load, voltage. As such, it is also called single-phase one-pulse rectifier. 

The load on the output side of rectifier may be R, RL or RL witha flywheel diode. These 
are now discussed briefly. 5 

(a) R load : The circuit diagram of a single-phase half-wave rectifier is shown in Fig. 
3.12 (a). During the positive half cycle, diode is forward biased, it therefore conducts from 
wt = 0° to wt =. During the positive half cycle, output voltage vp = source voltage v, and load 
current iy) = v,/R. Atwt=m, vp =0 and for R load, i, is also zero. As soon as v, tends to become 
negative after wt =m, diode D is reverse biased, it is therefore turned off and goes into blocking 
state. Output voltage, as well as output current, are zero from wi=7 to wmf=2n,. After 
®¢=2n, diode is again forward biased and conduction begins. 

For a resistive load, output current 1, has the same waveform as that of the output voltage 
Up. Diode voltage vp is zero when diode conducts. Diode is reverse biased from @f=n to 
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volt i 2° enon © waveforms of U,, Vo, ig and vp are sketched in Fig. 3.12 (b). Here source 
page 18 sinusoidal z.e. v, = V,, sin wt, KVL for the circuit of Fig. 3.12 (a) gives v,= vg +up 
1) gives v, 


be neh, 
2 |[Vysinwt) pl 





lo 





| (a) 
. = : - 2 12 , . = = b 
Fig. 3.12. Single-phase half-wave diode rectifier with R load (a) circuit tara and (5) waveforms 


Average value of output (or load) voltage, 


Lire 
Vora J, Vin Sin wt d(mt 
_ Vm Vin 


nd) 2; ave (Em 
on | cos @t |o= - 


| 


| | r oli 
Rms value of output voltage, V,_.= E | Ve, sin” we - aon] 





Vow (if desc 205-1 
“eh t= 8208 aa 
_ Vm . 
~ 9 (3,22) 


Here the subscript ‘r’ is used to denote rms value. 
Average value of load current, 


7.-40_ Vem 
" RRR ...(3.23) 
Rms value of load current, J. = vor = Vn 
oe ee aR (3.24) 
Peak value of load, or diode, current 
' "Vy 
ot ...(8.25) 


Paes eee aa PIV, is an important parameter in the design of rectifier circuits 
Pie ce os gn santa ae “ppears across the device (here diode) during its blocking 
MINES Ey EIN = Vin = V2 V,=N2 (rms value of transformer secondary voltage), 
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Power delivered to resistive load = (rms load voltage) (rms load current ) 


PON NB ev 
= V,,.: => op ap ap Tork wil. 26) 
Input power factor _ Power delivered to load 
Input VA 
| V, es Vor V2V. | 
= VT. F - wu = op = 0.707 lag. 


Vg Ly . V, 2V, 
c (d) L load : Single-phase half-wave diode rectifier with ZL load is shown in Fig. 3.13 (a). 
When switch S is closed at wt = 0, diode starts conducting. KVL for this circuit gives 


by Vv ~ 
dt m Sin wt 


V.=U,=L 
V, 
or = | si da 
lg = L | sin wt - ae 
a Vin 
=~ COS META AS27 a) 


At we=0, ip=0, « O=- +A \ 


or A=V,,/aL 
Substitution of the value of A in Eq. (3.27 a) gives 


» oN es | 
ly = Te (1 —cos wt) | wiG.2t &) 
2 as at ee 
Output voltage, UV=L ae =), ar [sin wt] w= V,, sin wt =v, 
Bs Source voltage v, and botn output voltage vy and output current ty are plotted in Fig. 3.13 
Average value of output voltage, V,=0 





: _ (a) @) 
Fig. 3.13. Single-phase one-pulse rectifier with L load (a) circuit di 
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The output current i, consists of dc component and fundamental frequency component of 
frequency @. 
Peak value of current I,,,. occurs at wt=n 


= — 
Lnax = wl, 7 (1+ 1)= a (3.28) 
2m T 
Average value of current, [j= on | Vg = cos cr) d(af) 
i 0 i i 
ea 
= or = 5 Imax (3.29) 


Rms value of fundamental current, J,, is given by 


1/2 
i,.= ile ‘) i (cos a7) co) 


Tx La iy, I, 
\ \¥2-@L wl V2 ...(3.30) 
Rms value of rectified current =[%+ 4 cae 
a2 
=|15+ B41) = 1.225 I, (3.31) 
Voltage across diode, Up = 0. 


(c) C Load : In Fig. 3.14 (a), when switch S is closed at wt = 0, the equation in 
| : 3 =0, 1 ation governil 
the behaviour of the circuit is q £overning 





, Oe a ee i a. 
=O =C —_, (Vasin @ £) 





(2) 3 (6) 
Fig. 3.14. Single-phase half-wave diode rectifier with C load (a) circuit diagram and (6) waveforms. 
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=wC V,,, cos wt (3.32) 


Output voltage, Ug = F | iat =V,, sin w& =v, =Up 


Capacitor is charged to voltage V,, at wt= =5 and subsequently this voltage remains 
constant at V,,. This is shown as v, = U¢ in Fig. 3.14 (6) 
Capacitor current or load current is maximum at wt =0. Its value at a =0 is w CV,, as 


shown. 


The diode conducts for A seconds only from wt = 0 to at = 5 . During this interval, diode 
voltage is, therefore, zero. After wt =7/2 , diode voltage vp 1s given by 
Up =—Uyptu,=—V,, + V,, in wet 
=Visinat-1) ~ (3.00) 


For Eq. (3.33), the time origin is redefined at wt= 1/2. 


After wt =1/2, diode voltage is plotted as shown in Fig. 3.14 (6). At @f= ry ,Up=—-2 Vn. 
Average value of voltage across diode, ge 
1 i SPW = 
Vp= oes V_, (sin wt — 1) d(at) 
=V,,=V2 V, (3.34 a) 
Rms value of fundamental component of voltage across diode, 
* 1/2 : 
, JL] yy an? a a: 2m 34 b 
V,= 2 J. ve sin” at ) = 9 (3.34 6) 


Rms value of voltage across diode 
=VV3,+ V2. = 1.225 V,, (3.35) 


Example 3.5. A single-phase 230. V, 1 kW heater is connected across single-phase 230 V, 
o0 Hz supply through a diode. Calculate the power delivered to the heater element. Find also 
the peak diode current and input power factor. 


2307 
Solution. Heater resistance, A= 1000 Q 
Rms value of output voltage, from Eq. (3. 22), is 
Vn E: V2 YX 280 230 


Power absorbed by heater nists 


vam 2 
| R= 4 230 
Peak value of diode current, from Eq. (3.25), is given by 
V2 x 230 | 1999 = 6.1478 A 
230 
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Vor _N2x230. J 


. Input power factor = — = x——~ = 0:707 Tag. 


(n- 


Or 


20,) as shown in Fig. 3.15 (6). During the conduction period of diode, the voltage equation’ 
for the circuit is : € dk 
Vin Sinot=E+igR ? Ee . 
. Mee sin at —E ex) 
tg = i | ieee 
Average value of this current is given by 
.. 2 ye eee fered 
lo= 52m \ J, (Ym sin at ~B) d(wt)| 
FP iy | 
os [2 V,, cos 0, —E (x — 26,)] (3.38) 
Rms value of the load current of Eq. (3.37) is 
4 “1/2 
oh "2 (V,, sine =F ) 
tor “le J 8, ere . to 
ea | | 1/2 
| i (Ve sin” (or + E* — 2 a E sin cor) det) 
157 
+) 
ov a From : anne i neneenag,net 


V. 2 230 





(d) RE Load : Single-phase half-wave rectifier with load resistance R and load counter 
emf E is shown in Fig. 3.15 (a). If the switch S$ is closed at wt =0* or when v,=0, then diode 





(a) (5) 
Fig. 3.15. Single-phase half-wave diode rectifier with RE load. 


would not conduct at wt =0 because diode is reverse biased until source voltage v, equals 
E. When V,, sin 6, = E, diode D starts conducting and the turn-on angle 8, is given by 


y,=sin 2 Ft 
0, Sin ta 


The diode now conducts from wt =6, to wt =(x- 0,), .e. conduction angle for diode is 


© Wiki Engineering 
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Bias t loot aan ni 1/2 

=| oan? g \(V; + £”) (mn — 26,) + Ve sin 26, — 4 Vin & cos | (3,39) 
Power delivered to load, 
P=E1I,+F°_.R watts 

i} or watts (3.40) 


Supply pf =- Power delivered to load 
(Source voltage) (rms value of source current) 
_EL+E,R 
a V, ; fo 
Sad seen from Fig. 3.15 (a) that at wf = 0°, Up=—E and at wt =6,, vp =0 During the 
period diode conducts, Up =0. When of =3n/2. yp. =-V hee | 1 : 
sie sm ue m and vp =—(V,, +). Thus PIV for 
Example 3. iA de battery of con emf E i 3 
Gf. tery of constant emf E is charged through a resi as shown 1 
fig. 3.15 (a). Fo? source voltage of 235 V,.-50 Hz and for. R = 8Q, E- ey Bn 
(a) find the value of average charging current, 
(b) find the power supplied to battery and that dissipated in the resistor 
(c) calculate the supply pf, 
(d) find the charging time in case battery capacity is 1000 Wh and 
(e) find rectifier efficiency and PIV of the diode. 
Solution : (a) The diode will statt conducting at an angle 6,, where 


Bie ait =i 150 —_ 89 sec 
1 = 510 2 x 930 771 466° 


Average value of charging current, from Eq. (3.38), is 


.(G.41) 





lo = pgicg| 2-12 x 280 cos 27-466" — 150 Gee caeel| 


=4,9676 A 
(b) Power delivered to battery 
= EI,=150 x x 4.9676 = 745.14 W 
Rms value of charging current, from Eq, (3.39), is 


a 1 | 3 ri ; 
Lor [ate = gi{ 280 + 150°) (x —2 x 27.466 x 180} 230° sin 27.466 


- 4 V2 x 230 150 cos 27.466" = 9.2955 A 


Power dissipated in resistor 
=I, R= (9.2955)? x 8 = 691.25 W 
(c) From Eq. (3.41), the supply 
_¢— (45.14+ 691.25 _ iF 
PI=""930 x 9.2955 = 0-672 lag 
(¢) (Power delivered to battery) (charging time in hours) 
= Battery capacity in Wh. 
Downloaded From : www.EasyEngincering.net 
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1000 





». Charging time = ae yg = 1842h 
Bantit: oa _ Power delivered to batter} 
eee CNeenty ) Total input power 
745.14 | 
= ——+=9--=___y 100 = 51.876% 
745.14+691.25 
(f) PIV of diode =V,, +E = V2 x 230+ 150 = 475.22 V. 


(e) RL Load : A single-phase one-pulse diode rectifier feeding RL load is shown in Fig. 
3.16 (a). Current ip continues to flow-even after source voltage v, has become negative ; this 
is because of the presence of inductance L in the load circuit. Voltage up =ip & has the same 
waveshape as that of i,. Inductor voltage uv, =v, — Ug is also shown. The current 1) flows tall 
the two areas A and B are equal. Area A represents the energy stored by L and area B the 
energy released by L. It must be noted that average value of voltage uv, across inductor L is 
zero. 





Fig. 3.16. Single-phase half-wave diode rectifier with RL load 
(a) circuit diagram and (b) waveforms. 


When i, = 0 at wt =f; v,=0, vp =0 and voltage v, appears as reverse bias across diode 
D as shown. At B, voltage vp across diode jumps from zero to V,, sini where b> 1. Here 
§=y7is also the conduction angle of the diode. 

Average value of output voltage, 


op oy Pe 
Vo=a- Jy Varsin ot - d(at) 


Mier 
On (1 -— cos B) 
Average value of load or output current 
Mai iV, 
[,=— =— (1 - cos 8) (3.43) 
Ig R op ( cos B) 
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A general expression for output current i, for 0 < m < B can be obtained as under : 
When diode is conducting, a at the circuit of Fig. 3.16 (@) gives 
Rig + 1 = \V,, sin wet 


The load, or output, current i, consists of two components, one steady state component 
i, and the other transient eee i,, Here i, is given by 


sin (at — 
ic x (at — @) 
where ¢=tan * - and X=wl. Here is the angle by which rms current J, lags V,,. 
The transient component i, can be obtained fiom force-free equation 
A 

Ri,+L = =0 
| | _R, 
Its solution gives L=Ae L 


Total solution for current ip is, therefore, given by 


V, R, 
ip =i, +1,=—> sin (wt-¢)+AeL* | 3,44) 
where Z=VR2+X° 


Constant A can be obtained from the boundary condition at wé = 0. 
At wt =0, or at t=0, i, =0. Thus, from Eq. (3.44) 


0=-—"sing+A 
1= "sing Boe” 


Substitution of A in Eq. (3.44) gives a 


VV, R 
ip = 7 sin (mt -6)+singd-e L : (3,45) 
forOsaé<B 


It is also seen from the waveform of i, in Fig. 3.16 (6) that when wt = 6, i,= 0. With this 
condition, Eq. (3.45) gives 


sin (4) + sin @- exp| — J 6|=0 


The solution of this transcendental equation can give the value of extinction angle f. 

(f) RL load with freewheeling diode : Performance of single-phase one-pulse diode 
rectifier with RL load can be improved by connecting a freewheeling diode across the load as 
shown in Fig. 3.17 (a). Output voltage is vy =v, for 0< wt <n. At ot = 1, source voltage v, Is 
zero, but output current Zp is not zero because of L in the load circuit. Just after wt =n, as 
uv, tends to reverse, negative polarity of v, reaches cathode of FD through conducting diode 
D, whereas positive polarity of v, reaches anode of FD direct. Freewheeling (or flywheel) diode 
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FD, therefore, gets forward-biased. As a result, load current i, 18 immediately transferred 
from D to FD as v, tends to reverse. After of = 1, diode current i,=0 and it is subjected to 
reverse voltage with PIV equal to V,,. 





b 
Fig. 3.17. Single-phase one-pulse diode rectifier with RL load and pasted diode 
(a) circuit diagram and (b) waveforms. 

After wt =x, current freewheels through circuit RL and FD. The energy stored in L is 
now dissipated in R. When energy stored in L = energy dissipated in R, current falls to zero 
at wt =f < 2m. Depending upon the value of R and L, the current may not fall to zero even 
when wt = 2m, this is called continuous conduction. But in Fig. 3.17 (5), load current decays 
to zero before wt = 2; load current 1s therefore discontinuous. 

The effects of using freewheeling diode are as under : 

(i) It prevents the output (or load) voltage from becoming negative. 
(ii) As the energy stored in Lis transferred to load R through FD, the system efficiency 
is improved. 
(iii) The load current waveform 1s more smooth, the load performance is therefore 
improved. 

The waveforms for v,, Up; 40. Up i, and t,4 are drawn in Fig. 3.17 (0). 

The expression for the load current i, can be obtained from Art. 6.1.2 if required. It 1s 
seen from Fig. 3.17 (6) that 


| V 
average output voltage, Vo= 5 j V,, Sin wt d(@t) = = (3.46, 
eed Ys 
and average load current, i= = (BAT 


(g) Single-phase full-wave diode rectifier : There are two types of full-wave diods 
rectifiers, one is centre-tapped (or mid-point) full-wave diode rectifier and the other 1) 
full-wave diode bridge rectifier. These are now described briefly. 
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(i) Single-phase full-wave mid-point diode rectifier : Fig. 3.18 (a) illustrates a 
single-phase full-wave mid-point rectifier using diodes. The turns ratio from each secondary 
to primary is taken as unity for simplicity. When ‘a’ is positive with respect to ‘b’ ; diode D1 
conducts for m radians. In the next half cycle, ‘b’ is positive with respect to ‘a’ and therefore 





(a) | (2) 
Fig. 3.18.Single-phase full-wave mid-point diode rectifier 
(a) circuit diagram and (6) waveforms. 


diode D2 conducts. The output voltage is shown as uv, in Fig. 3.18 (6). The waveform for output 
current i, (not shown in the figure) is similar to v) waveform. When ‘a’ is positive with respect 
to ‘b’, diode D2 is subjected to a reverse voltage of 2u,. In the next half cycle, diode D1 
experiences a reverse voltage of 2v,. This is shown in Fig. 3.18 (6). Thus, for diodes 
Di and D2, peak inverse voltage is 2V,,. Waveforms of Fig. 3.18 (6) show that for one cycle 
of source voltage, there are two pulses of output voltage. So single-phase full-wave diode 
rectifier can also be called single-phase two-pulse diode rectifier. 





| 1 toed > 2V in | 
Average output voltage, — Vo= > I, V,, sin ot d(wt)= get 3.48) 
wig 
Average output current, Iy= R nf 
vr: 1/2 : 
Rms value of output voltage, V,.= 2 I, Vin sin’ wt aw) 
V 
=I =V, (3.49) 
Vs 
Rms value of loadcurrent, J,,= R 
Power delivered to load =V,-L,=,:R 
- Input voltamperes aM =i: 
Var ‘ i 
“. Input see 1 
P Pray T,, 
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(ii) Single-phase full-wave diode bridge rectifier : A single-phase full-wave bridge 
rectifier employing diodes is shown in Fig. 3.19 (a). When ‘a’ is positive with respect to ‘bh’, 
diodes D1, D2 conduct together so that output voltage is v,,. Each of the diodes D3 and D4 
is subjected to a reverse voltage of v, as shown in Fig. 3.19 (6), When ‘b’ is positive with 
respect to ‘a’, diodes D3, D4 conduct together and output voltage is v,,. Each of the two diodes 
D1 and D2 experience a reverse voltage of v, as shown. 





| et a : a | 
DI D2 Se eh D102 ste 04] 


7 a NY 





wit 





(a) (B) 
Fig. 3.19. Single-phase full-wave diode brdidge rectifier (a) circuit diagram and (6) waveforms. 


A comparison of Figs. 3.18 (6) and 3.19 (6) reveals that a diode in mid-point full-wave 
rectifier is subjected to PIV of 2V_, whereas a diode in full-wave bridge rectifier has PIV of 
V, only. 

Three-phase bridge rectifiers using diodes are discussed in Chapter 5, Example 3.7 is 
formulated to illustrate the effect of reverse recovery time on the average output voltage. 

Example 3.7. In a single-phase full-wave diode bridge rectifier, the diodes have a reverse 
recovery time of 40 us. For an ac input voltage of 230 V, determine the effect of reverse recovery 
time on the average output voltage for a supply frequency of (a) 50 Hz and (6) 2.5 kz. 

Solution. Single-phase full-wave diode 
bridge rectifier is shown in Fig. 3.19 (a) and 
output voltage vp is shown in Fig. 3.19 (6), If 
reverse recovery time is taken into 
consideration, the diodes D1 and D2 will not be 
off at ot = 7 in Fig. 3.19 (6), but will continue 


to conduct until t= = + t..as depicted in Fig. 





3.20. The reduction in output voltage is given 
by the cross-hatched area. Average value of 
this reduction in output voltage is given by 


Fig. 3.20. Effect of reverse recovery time 
on output voltage. 


v.=2)v,, sin ot d (ar) 
me Vek | 
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Mr; = 
= ae (1—cos a) 3.50) 
With zero reverse recovery time, average output voltage, from Eq. (3.48), is 
Vp een e0 Bx 230 _ 207.04 V 
(a) For f=50 Hz and ¢,. = 40 us, the reduction in the average output voltage, from Eq. 
(3.50), is 
Ye 
Vie Xt — cos 2n ft,,) 
= 2.x 280 1 — cos 2n x 50x 40 x 10x22) 
=8.174mV 
Percentage reduction in average output voltage 
= 907 04 x 100 = 3.948 x 10° "% 
(6) For f= 2500 Hz, the reduction in the average output voltage, from Eq. (3.50), is 
Z . V, = 2280 1 — cos 2m x 2500 x 40 x 108 x2) 
My, 4| 2] R =19.77V 
Percentage reduction in average output voltage = 5 Sa x 100 = 9.594%, 


It is seen from above that the effect of reverse recovery time is negligible for diode 
operation at 50 Hz, but for high-frequency operation of diodes, the effect is noticeable. 


Example 3.8. A single-phase full bridge diode rectifier is supplied from 230 V, 50 Hz 
source. The load consists of R= 1¢ = 10 Qand a large inductance so as to render the load current 
constant. Determine 


(a) average values of output voltage and output current, 

(b) average and rms values of diode currents, 

(c) rms values of output and input currents, and supply pf. 

Solution. The circuit diagram and relevant waveforms for this uncontrolled rectifier are 
shown in Fig. 3.21. 

(a) Average value of output voltage, 


2V,, 
= Vm _ 2N2X 230 _ 997 o4y 
Tt Tt 
Average value of output current 
Vo _ 207.04 
[p= = Jp = 20-704 A 


(6) Average value of diode current, 
_fo:% _1y _ 20.704 


= 10.352 A 





: ign Ig 20.7 | 
Rms value of diode current, Ip, ="\ Fae =: - _20,704 | 14.642 A 


* D l F .EasyEng1 ing.ne 
© Wiki Engineering ownloaded Higa aa “WWw.-raghul.org.= = 


Downloaded From : www.EasyEngineering.net 


56 ~— [Art. 3.5] ; — | - ) Power Electronics 








(a) (0) 
Fig. 3.21. Pertaining to Example 3.8 (a) circuit diagram and (b) waveforms. 


As load, or output, current is ripple free, rms value of output current 
= Who value of output current =J, = 20.704 A 


Rms value of source current, J, = y =[,=20.704.A 


Load power =Vy oa = 207.04 x 20.704 W | 
Input power =V,I, cos o \ 
: 230 x 20.704 x cos 6 = 207.04 x 20.704 

4.04 | 54 
.. Supply pf =cos >= ene = 0.90 lagging. 


Example 3.9. A diode whose internal resistance is 20 9 is to supply power to a 1000 Q 
load from a 230 V (rms) source of supply. Calculate (a) the peak load current (b) the de load 
current (c) the de diode voltage (d) the percentage regulation from no load to given load. 

(.A.S., 1983) 

Solution. A voltage of 230 V supplying power to 1000 Q, through a single diode, is shown 
in Fig. 3.22 (a). Waveforms for the source voltage, load current i) and diode voltage up are 
shown in Fig. 3.22 (6). 


(a) It is seen from the waveform of i, that peak load current J,,, is given by 


, “Rik, = 7020 =0.3189 A 


' Here R = load resistance and Rp = internal resistance of diode. 
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2R=1000.0 








Fig. 3.22. Seating to Example 3.9 (a) circuit diagram and A antediP 
(b) DC load current, Iy= = j, Tom Sin wt d(at) 
| ="2" = 0.10151 A 
(c) DC diode voltage, Vp =ly Rp - = j, 230V2 sin wt d(at) 
See “n = 0.10151 x 20 - 290% =-101.5V 
(d) At no load, load voltage, V,,,= “n = wax ee0 = 103.521V 
| At given load, load voltage, Vo, = 250N2 «0 = 101.491 V 
-, Voltage regulation = =a x 100= 18 = 1.961%. 


3.6. ZENER DIODES 

Zener diodes are specially constructed to have accurate and stable reverse breakdown 
voltage. | | 

Circuit symbol for Zener diode is shown in Fig. 3.23 (a). When it is forward biased, it 
behaves as a normal diode. When reverse biased, a small leakage current flows. If the reverse 
voltage across Zener diode is increased, a value of voltage 1s reached at which reverse 
breakdown occurs. This is indicated by a sudden increase of Zener current, Fig. 3.23 (0). The 
voltage after reverse breakdown remains practically constant over a wide range of Zener 
current. This makes it suitable for use as a voltage regulator to furnish constant voltage from 
a source whose voltage may vary noticeably. | 

For the operation of Zener diode as a voltage regulator, (7) it must be reverse biased with 
a voltage greater than its breakdown, or Zener, voltage and (ii) a series resistor R,, Fig. 3.23 
(c) is necessary to limit the reverse current through the diode below its rated value. 
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Cathode | a 

Breakdown 

voltage 
Wo 
) _ cener 
Anode voltage 
-| 
(a) (Bb) (c) 


Fig. 3.23. Zener diode (a) circuit symbol (6) V-I characteristics 
(¢) use as a voltage regulator. 
If V,= voltage across Zener diode, then it is seen from Fig. 3.23 (c) that source current 
i, is = 





o> 
Load, or output, current, J o= R where A = load resistance. Current through Zener diode, 


I, =I : Io 
Power rating of a Zener diode is V, -I,. These are available in a voltage range from few 
volts to about 280 V. 
Example 3.10. Design a Zener voltage regulator, shown in Fig. 3.24, to meet the following 
specifications : 
Load voltage = 6.8 V, Source voltage V, is 20 V+ 20% and load current is 30 mA + 50%. 
_ The Zener requires a minimum current of 1 mA to breakdown. The diode D has a forward 
voltage drop of 0.6 V. ss 
Solution. When source voltage is maximum and load current is minimum, then source 
resistance should be maximum. | 
Vivace = Mert (Leo auin +I) Re. max 
, 20 x 0.8) — 6.8 
Fe eS) K-68 ane, 
scmin= 30x0.5+1)x10* 
Similarly, 
V chain = Vi + rae +45) R 
R .. =-— (0x 0.8 
om (80x 1.5+1)x 1073 
Maximum load resistance, 


#* PALA 


= 2009 








Fig. 3.24. Pertaining to Example 3.10. 








V. , 
Ry. max = ot 6.8 — AR 7 
eee Ee Site Ob x 10°? eae A 
Minimum load resistance, R, as 5 olga! Bt BB. =15150 


Tmax 30X1.5%10-3 
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The voltage rating or the Zener diode is 
6.8 —0.6=6.2 V. 

Example 3.11. The complete circuit shown in Fig. 3.25 (a) represents a 25 V dc voltmeter 
where Gis a PMMC galvanometer having full-scale deflection current I;,q = 200 micro-A and 
resistance Re = 500 ohms, and D is a 20-V Zener diode. Find R, and R,. What is the function 
of the diode D in this circuit ? (GATE, 1990) 

Solution. Current through galvanometer, 


phere Zener voltage 
Ls Stace 
20. fan-8 
or Rab 
je BO SAGO AK s.r, 
or R,= 500 -500=99.5k 0 





(a) | (5) 
Fig. 3.25. Pertaining to Example 3.11. 


As Zener diode current is not specified, let it be assumed zero. 
I,-Ig=1,=0 or I,=I,=200pA 








Also J, = 22 =? ~ 900 x 1078 
R, 
5 x 10° 
or R= 500 =25 kQ 


Function of Zener diode is to provide a constant voltage to the galvanometer circuit. 
Whenever voltage across this diode exceeds 20 V, it conducts and the excess current is shunted 
away from galvanometer G. So here diode D prevents overloading of the PMMC galvanometer. 






PROBLEMS 





3.1. Capacitor in the circuit of Fig. 3.2 (a) is initially charged with (a) V, volts and (5) — V, volts. 
For both these parts, determine the expressions for current in the circuit and voltage across capacitor. 
Sketch the waveforms for current as well as capacitor voltage. 


What is the final value of voltage across capacitor in each case ? 


Vi= Vo. —1 ) 
Ans, (a) tee: VatiVe=Vp(l=eee ee 


V,+V R =i Fal 
(6) Ae PF, ~ V4 (V+ Vo) (Le, v, 


¥ 
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9.9. A diode is connected in series with LC circuit. If this circuit is switched on e aque Th 
voltage V, at ¢=0, derive expressions for current through and voltage Beros capacitor, The capaci 
is initially charged to a voltage of — Vo. Sketch waveforms for i, Ug, Uz and vp. : 

In case this circuit has V, = 230V, Vp=50V, L=0.2mH and C= 10uF, getermine ee diode con- 
duction time, diode peak current and final steady state voltage across the capacitor and diode. 


lam iy = (Ve + vw F sin gt, ve (t)=(V, t+ Vo) (1—c08 t) 


Vo, 44.72 us, 62.614 510 V, - 280 v| 


3.3. (a) For the circuit shown in Fig. 3.4 (a), the circuit is initially relaxed. Heayiteh S48 eet a 

f=0 sketch the variations of i, vz, Ug and Up a3 4 function of time. Derive the expressions describing 
ese functions. | ey oes Se: See eT 

; (4) For part (a), V,=220V, L=4mH, C=5pF. Find the diode conduction time and peak diode 

fh) fF | » ¥g= ee 7 a 

He | 1. For di -ops conducting. 
urrent. Determine also ve, vz and Up after diode stops con | ake 

ra [Ans. (b) 0.444 ms, 7.778 A, 440'V, 0, - 220 V] 


3.4. For the circuit shown in Fig. 3.9 (a); Vp = 280 V, R=200 and C= af uF’. If <a st 
at t= 0, determine expressions for the current in the circuit and voltage across capacitor \. 
i ' a : : a F aa ‘ it; 
eak value of diode current and energy lost in the circuit. | 
" Derive the expressions used. fAns. 9.27 100, -230e 790", 9.2 A, 0.2645 watt-sec] 
3.5. In the circuit shown in Fig. 3.26, switch S is open and a current of 20 Ais eae ayeE es 
feawhecling diode, R and L. If switch S is closed at t=, determine the expression for 
through the switch. 


- 10008 





2 ; - - 

Fig. 3.26. Pertaining to Prob. 3.5. 
1 | i inductor can be recov 
6. (a) Describe how the energy trapped im an in | ee 
, a V1 kW heater, fed through single-phase half-wave diode meer bas yeise voltage a 

= al Find the ac input voltage. Find also PIV of diode and peak-diode current. pe ee tea 
its terminals. Pir ‘Ans. (b) 225:32 vy, 460 V, 3 696 Al 

PMMC 


ered and returned to the source. 


37 (a) In the circuit shown in Fig. 3.27, a PMMC 
ammeter is placed in series with diode and a Pe 
voltmeter across the diode. Take PMMC instruments ideal. 
Find the readings on these instruments. Derive the expres- 
sions used for obtaining these readings. 

(b) If PMMC ammeter is replaced by MI ammeter, find 
its reading. 





[Ans. 10.352 A, 0V, 12.6812 Al 


PM M 
Fig. 3.27. Pertaining to Prob, 3.7. 
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3.8. (a) In the circuit of Fig. 3.28, ideal PMMC 
voltmeters are placed, one across capacitor and another 
across diode as shown. Find the voltmeter readings. Obtain 
the expressions used for determining these readings. 

(b) In case PMMC voltmeter 2 is replaced by MI 
voltmeter, find its reading. 

3.9. A battery is charged by a single-phase half-wave 
diode rectifier. The supply is 30 V, 50 Hz and the battery — 
emfis constant at 6 V. Find the resistance to be inserted in Fie, 3.28. Pertaining to Prob, 3.8. 
series with the battery to limit the charging current to 4 A. 

Take a voltage drop of 1 V across diode, Derive the expression used. 

Draw waveform of voltage across diode and find its PIV. 


[Ans =a [2V., COS 84 = (E +1)(m- a 61), 9 5458 9, 48.49 v| 


3,10. (a) A single-phase half-wave uncontrolled rectifier is connected to RL load. Derive an expres- 
sion for the load current in terms of V,,, 4, w ete. 
(b) For part (a), V,=230 V at 50 Hz, R=100, L= 5 mH, extinction angle = 210°. Find average 
values of output voltage and output current. [Ans. (6)193.172 V, 19.3172 A 
3.11. (a) A single-phase half-wave diode rectifier feeds power to (i) RL load and (i) RL load with 
freewheeling diode across it. Describe the working of this rectifier for both these parts with eelevanit 
waveforms and bring out the differences if any. Hence point out the effect of using a freewheeling diode. 
(b) For part (a), V,=230 V at 50 Hz, R=200, L=1H. Find the average values of the output 
voltage and output current with and without the use of a flywheeling diode. 
[Ans, (b) With freewheeling diode: Vp= 103.52 V and 1,=5.176A 
Without freewheeling diode : Extinction angle f not known, so Vo. Jo cannot be calculated | 
4.12.. (a) For the circuit shown in Fig. 3.29, the output current ig is considered constant at Jp because 
of large L. Sketch the waveforms of U,, tp, Vo, tps "Ya, and f,., 
(6) For the above circuit, find 
(i) average values of output voltage and output current, 
(ii) average and rms values of freewheeling diode current, — ap Seven 
(iii) supply pf. [Ans. (5) (i) 103.52 V, 26.76 A (i) 13.48 A, 18.925 A (ii) 0.6364 lag] 


Is | ip ba) 





Fig. 3.29. Petiining to Prob, 3.12. Fig. 3.30, Pertaining to Prob. 3.14. 

8.13. For the circuit shown in Fig. 3.30, V,=160 V, V,=40V and zener diode current varies from 
4 to 40 mA. Find the minimum and maximum values of 2, so as to allow voltage regulation for output 
current Jy)= zero to its maximum value Jp,,. Also calculate Lon. [Ans, 3k 9, 30k 9, 36 mA] 
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Thyristors 





As stated before, Bell Laboratories were the first to fabricate a silicon-based 
semiconductor device called thyristor. Its first prototype was introduced by GEC (USA) in 
1957, This company did a great deal of pioneering work about the utility of thyristors in 
industrial applications. Later on, many other devices having characteristics similar to that 
of a thyristor were developed. These semiconductor devices, with their characteristics 
identical with that of a thyristor, are triac, diac, silicon-controlled switch, programmable 
unijunction transistor (PUT), GTO, RCT etc, This whole family of semiconductor devices is 
given the name thyristor, Thus the term thyristor denotes a family of semiconductor devices 
used for power control in de and ac systems. One oldest member of this thyristor family, called 
silicon-controlled rectifier (SCR), is the most widely used device. At present, the use of SCR 
1s so vast that over the years, the word thyristor has become synonymous with SCR. It appears 
that the term thyristor is now becoming more common than the actual term SCR. In this 
book, the term SCR and thyristor will be used at random for the same device SCR. Other 
members of thyristor family are also discussed in this chapter. 

A thyristor has characteristics similar to a thyratron tube. But from the construction view 
point, a thyristor (a pnpn device) belongs to transistor (pnp or npn device) family. The name 
‘thyristor’, is derived by a combination of the capital letters from THYRatron and 
transISTOR. This means that thyristor is a solid state device like a transistor and has 
characteristics similar to that of a thyratron tube. The present-day reader may not be familiar 
with thyratron tube as this is not being taught these days. 

The object of this chapter is to discuss the thyristor characteristics and other related 
topics useful for their industrial applications. 

4.1. TERMINAL CHARACTERISTICS OF THYRISTORS 

_ Thyristor is a four layer, three-junction, p-n-p-n semiconductor switching device. It has 
three terminals ; anode, cathode and gate. Fig. 4.1 (a) gives constructional details of a typical 
thyristor. Basically, a thyristor consists of four layers of alternate p-type and n-type silicon 
semiconductors forming three junctions J,, J, and J, as shown in Fig, 4.1 (a). The threaded 
portion is for the purpose of tightening the thyristor to the frame or heat sink with the help 
of a nut. Gate terminal is usually kept near the cathode terminal Fig. 4,1 (a), Schematic 
diagram and circuit symbol for a thyristor are shown respectively in Figs. 4.1 (4) and (c). The 
terminal connected to outer p region is called anode (A), the terminal connected to outer n 
region 1s called cathode and that connected to inner p region is called the gate (G). For large 
current applications, thyristors need better cooling ; this is achieved to a great extent by 
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mounting them onto heat sinks. SCR rating has impréved considerably since its introduction 
m 1957. Now SCRs of voltage rating 10 kV and an rms current rating of 3000 A with 
corresponding power-handling capacity of 30 MW are available. Such a high power thyristor 
can be switched on by a low voltage supply of about 1 A and 10 W and this gives us an idea 
of the immense power amplification capability (= 3 x 10°) of this device. As SCRs are solid 
state devices, they are compact, possess high reliability and have low loss. Because of these 
‘Sh features, SCR is almost universally employed these days for all high power-controlled 
eVICES. 
Threaded. — Anode 
“ai (Aluminium) 







Gate terminal k 
welded to p 
region 





. Md 
Cathode 


2 

a (EL ree (b) ic) 

Fig. 4.1. (a) Constructional details (6) Schematic diagram and (c) circuit symbol of a thyristor. 

An SCR is so called because silicon is used for its construction and its operation as a 
rectifier (very low resistance in the forward conduction and very high resistance in the reverse 
direction) can be controlled. Like the diode, an SCR is an unidirectional device that blocks 
the current flow from cathode to anode. Unlike the diode, a thyristor also blocks the current 
flow from anode to cathode until it is triggered into conduction by a proper gate signal between 
gate and cathode terminals. , 

| For engineering applications of thyristors, their terminal characteristics must be known. 
In this article, their static V-I characteristics, dynamic characteristics during turn-on and 
turn-off processes and their gate characteristics are discussed. 

4.1.1. Static V-I Characteristics of a Thyristor 

An elementary circuit diagram for obtaining static V-I characteristics of a thyristor is 
shown in Fig. 4.2 (a). The anode and cathode are connected to main source through the load. 
The gate and cathode are fed from a source E, which provides positive gate current from gate 
to cathode. 
| Fig. 4.2 (6) shows static V-I characteristics of a thyristor. Here V, 1s the anode voltage 
across thyristor terminals A, K and J, is the anode current. Typical SCR V-J characteristic 
shown in Fig. 4.2 (b) reveals that a thyristor has three basic modes of operation ; namely, 
reverse blocking mode, forward blocking (off-state) mode and forward conduction (on-state) 
mode. These three modes of operation are now discussed below - 

Reverse Blocking Mode. When cathode is made positive with respect to anode with 
switch S open, Fig. 4.2 (a), thyristor is reverse biased as shown in Fig. 4.3.(a). Junctions 
J, J, are seen to be reverse biased whereas junction .J, is forward biased. The device behaves 
as if two diodes are connected in series with reverse voltage applied across them. A small 
leakage current of the order of a few milliamperes (or a few microamperes depending upon 
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(on state) 


Latching current 
Holding current 





Reverse leakoge | } 
current Las Ig3>Ig2>lg1 
~F mal figs. figz Jia £197? 
, Vea : SS Vo | 
Yo “Va | —— a | vs Veo 
oy ( | Forward Forward leakaye 
Reverse blocking current 
blocking 
Vep =Forward breakover voltage 
| Veaqg=Reverse breakover voltage 
| Ig= Gate current 
“K : =I 


(a) (B) 
Fig. 4.2. (2) Elementary circuit for obtaining thyristor V-I characteristics 
(6) Static V-I characteristics of a thyristor. 


the SCR rating) flows. This is reverse blocking A ie 
mode, called the off-state, of the thyristor. If the 20 ahi ve 3 
reverse voltage is increased, then at a critical Since 


breakdown level, called reverse breakdown voltage 
Ver, an avalanche occurs at «J, andJ, and the 
reverse current increases rapidly. A large current 
associated with Vpp gives rise to more losses in the 





SCR. This may lead to thyristor damage as the, G 
junction temperature may exceed its permissible 

temperature rise. It should, therefore, be ensured a 

that maximum working reverse voltage across a —— onan 


thyristor does not exceed Vzp. When reverse voltage +O current 
applied across a thyristor 1s less than Vzgp, the device 





offers a high impedance in the reverse direction. The (a) (b) 

SCR in the reverse blocking mode may therefore be Fig. 4.3. (a) J forward biased and Jj, Js 

treated as an open switch. reverse biased (b) /5 reverse biased and 
Note that V-J characteristic after avalanche J}, J3 forward biased. 


breakdown during reverse blocking mode is applicable only when load resistance is zero, Fig. 
4,2 (b). In case load resistance is present, a large anode current associated with avalanche 
breakdown at Wgr would cause substantial voltage drop across load and as a result, V-J 
characteristic in third quadrant would bend to the right of vertical line drawn at Vpp. 


Forward Blocking Mode : When anode is positive with respect to the cathode, with 
gate circuit open, thyristor is said to be forward biased as shown in Fig. 4.3 (b). It is seen 
from this figure that junctions -/,, J, are forward biased but junction -/, is reverse biased. In 
this mode, a small current, called forward leakage current, flows as shown in Figs. 4.2 (b) 
and 4.3 (5). In case the forward voltage is increased, then the reverse biased junction -J, will 
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pots an. avalanche breakdown at a voltage called forward breakover voltage Voy, When 
forward voltage is less than Vzo, SCR offers a high impedance, Therefore, a thyristor can be 
treated as an open switch evén in the forward blocking mode. ea 
caltnd ee Conduction Mode : In this made, thyristor conducts currents from anode to 
anode with a very small voltage drop across it, A thyristor is brought from forward blocking 
mode to forward conduction mode’ by turning it on by exceeding the forward breakover voltage 
or by applying 4 pate pulse between gate and cathode. In this mode, thyristor is in on-state 
va behaves like a closed switch. Voltage drop across thyristor in the on state is of the order 
: tto2zV depending on the rating of SCR. It may be seen from Fig, 4.2 (b) that this voltage 
drop increases slightly with an increase in anode current, In conduction mode. anode current 
is limited by load impedance alone as voltage drop across SCR is quite small This small 
voltage drop i, across the device is due to ohmic drop in the four layers. = < 


4.2. THYRISTOR TURN-ON METHODS 


With anode positive with respect to cathod tbyri an ) 
| what 7 6, a thy T ene ae 
the following techniques : : ! yristor can be turned on by any one of 


a seers voltage triggering - (6) gate triggering 

c) adu/dt triggering (d) Temper: 7 z . 

es 3 ) Lemperature triggering 
(e) Light triggering. P ggering 


Mee methods of turning-on a thyristor are now discussed one after the other 

(a) Forward Voltage Triggering : When anode to cathode forward voltage is increased with 
gate circuit open, the reverse biased junction J, will break. This is known as avalanche 
ear and the voltage at which avalanche occurs is called forward breakover voltage 

‘BO: A this voltage, thyristor changes from off-state (high voltage with low leakage current) 
ta on-state characterised by low voltage across thyristor with large forward current. As other 
junctions J}, J are already forward biased, breakdown of junction J, allows free movement 
ae pees three junctions and as a result, large forward anode-current flows. As stated 
| . fe. s forward current is limited by the load impedance, In practice, the transition from 
oll-state to on-state obtained by exceeding Vz, is never employed as it may destroy the device. 


The magnitudes of forward and reverse break | | 

| 7 | vard Ver! kover voltages are nearly the same and both 
on ae, dependent. In practice, it is found that Vpp is: slightly more than Vago 
Herelore, forward breakover voltage is taken as the final voltace rait Putin daviea during 
the design of SCR applications e voltage rating of the device during 
re After the avalanche breakdown, Junction J, looses its reverse blocking capability. 
Theref a if oe anode voltage is reduced below Veo, SCR will continue conduction of the 

current, +he SCK can now be turned off only by reducing the an de current below-a certai 
valve mation Bet Gee pennant tae cs an icing the anode current below a certain 
tat ee Ae z Ineo! nyvistors by gate triggering is simple, reliable and 
eae is therefore the most usual method of firing the forward biased SCRs. Asthyristor 
vy) ac ard breakover voltage (say 800 V) higher than the normal working voltage (say 400 
oh ei oe This means that thyristor will remain in forward blocking state with normal 
Ne ae — voltage Across anode and cathode and with gate open. However, when turn-on of a 
: yristor is required, a positive gate voltage between gate and cathode is applied. With gate 
ens we established, charges are injected into the inner p layer and voltage at which 
forward breakover occurs is reduced, The forward voltage ahixaichotha.deice sim tehienso 
Ev AG IBEG FA MIPLCHNRENSE 
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on-state depends upon the magnitude of gate 
current. Higher the gate current, lower is the 
forward breakover voltage. 


Va 


| ve Ye0 When positive gate current is applied, 
gate P layer is flooded with electrons from the 
cathode, This is because cathode WN layer is 
heavily doped as compared to gate P layer. As 
the thyristor is forward biased, some of these 
electrons reach junction Jy, As a result, width 
of depletion layer around junction J, 18 
reduced. This causes the junction J, to 
breakdown at an applied voltage lower than 
forward breakover voltage Vzp. If magnitude 






| 


. > he i 


Forward Breakover Voltage 





0 Q Ig} Ig2 Ig3 of gate current is increased, more electrons 

Gate Current —> will reach junction Jy, as a consequence 

Fig. 4.4. Variation of forward breakover thyristor will get turned on at a much lower 
voltage with gate current. forward applied voltage. 


Fig. 4.2 (6) shows that for gate current J,=0, forward breakoyer voltage is Vgp. For /,,, 
forward breakover voltage, or turn-on voltage is less than Vgq For J, > I,,, forward breakover 
voltage is still further reduced. The effect of gate current on the forward breakover voltage 
of a thyristor can also be illustrated by means of a curve as shown in Fig. 4.4. For I, < oa, 
forward breakover voltage remains almost constant at Vgj. For gate currents 
Fito and J,;, the values of forward breakover voltages are ox, oy and oz, respectively as 
shown. In Fig. 4.2 (6), the curve marked J,=0 is actually for gate current less than oa. In 
practice, the magnitude of gate current is more than the minimum gate current required to 
turn on the SCR, Typical gate current magnitudes are of the order of 20 to 200 mA. 

Once the SCR is conducting a forward current, reverse biased junction J, no longer exists. 
As such, no gate current is required for the device to remain in on-state. Therefore, if the 
fate current is removed, the conduction of current from anode to cathode remains unaffected. 
However, if gate current is reduced to zero before the rising anode current attains a value, 
called the latching current, the thyristor will turn-off again. The gate pulse width should 
therefore be judiciously chosen to ensure that anode current rises above the latching current. 
Thus latching current may be defined as the minimum value of anode current which it must 
attain during turn-on process to maintain conduction when gate signal is removed. 

Once the thyristor is conducting, gate loses control. The thyristor can be turned-off (or 
the thyristor can be returned to forward blocking state) only if the forward current falls below 
a low-level current called the holding current. Thus folding current may be defined as the 
minimum value of anode current below which it must fall for turning-off the thyristor. The 
latching current is higher than the holding current. Note that latching current is associated 
with turn-on process and holding current with turn-off process. It is usual to take latching 
current as two to three times the holding current [1]. In industrial applications, holding 
current eee 10 mA) is almost taken as zero. 


(c) ; Triggering : This method is discussed further in Art. 4.3. 


(d) eae Triggering : During forward blocking, most of the applied voltage appears 
across reverse biased junction J. This voltage across junction J, associated with leakage 
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Later at ae leakage 
atic function. With increase in temperature, “eal™s 
a ana vajse the temperature of this junction. Wit ©" | Hien on the SOR 
ae ioe juoction J, further ‘nereases. This cumulative process May turn 
at some high temperature. ) ogg (or niche) is made in the inner 
= .aeering. For light-triggered SCRs, a recess a ot | iers (holes 
: (e) stale ee ai (a), When this recess 15 irradiated, a ee ae eerie’ 
stele eo) are generated just like when gate signal is Se ehres tie frradiation. If the 
Th ee of light of appropriate wavelength is guided by optica lue, forward-biased SCR is 
see ae f this light thrown on the recess exceeds & certain rect ) 
Beak. Such a thyristor is known as light-activated SCR (LAS - signal. Sometimes a 
LASCR may be triggered with a light source or with ene SOR. For this, the gate 
mbination of both light source and gate signal 1 used be aoe to turn it on, now a beam 
is bi ed with voltage or current slightly less than De R. The light intensity required 
18 ee di cted at the inner p-layer junction turns on the SCR. 7 coher the voltage (oT 
re the SCR depends upon the voltage bias given to ane. BENE aS 
turn-on St ent. ors = ; 
eurrent) bias, lower the light sie ad in high-voltage direct current (HVDC) 
oa oe vistors have now been 1 Sy se narallel combination 
; Lig trie e ere ae Th these several SCRs are connected Be ha i eee and control 
and their light triggering has the advantage of electrical isolation between P 
and their light-triggerin : | 
aia at | ete eure ota ,ect to cathode 
Setdcaangle 4.1. Discuss what would happen if gate is made positive with respec © ’ 
“>a the reverse blocking of a thyristor: : . = He more about 
Station, Bakice aes this question, it is worthw hile to know a little 
: | details ol a thyristor, 3 + ac - this figure, 
the nas aes cross-section of a eee ge eats unt for allthe 
en tas: ‘+o in number per cubic centumeter St 
nproximate doping densities in num dy > ae Fee a 4 le m’, 
er layers. For example, for Py layer, the doping density is 10° pere 


my Anode 





O 
Cathode Gate 
(a) , ed centre-gate thyristor. 
Fic. 4.5. (a) Elementary LASCR (6) Structural details of convention : : 
‘ig. 4.5. (a) Elementary ™s ? So. re 
| : rt ly he kept in mind that 
| ‘conductor devices, it should be kep a eg eee oe 5 iienlarve 
rte sunétion with lightly doped layers (at least on one side of the junction) red 
cdown voltage, aerators i 5 eye. 
ti Rarer wich highly doped layers'on both sides requires low Se aces Te 
REA eiyristar is in forward blocking state, junctions +, ? ‘im cor J depletion region 
4th 7 Gg reverse biased. As layer n is lightly doped around junc 2 
Jo bain eerfh 3 
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ot junction J, extends mainly into n, layer. Therefore, nm, layer is made to have larger width 
to withstand the high voltage during forward blocking state, 

For reverse voltage on the device ; junctions J), /3 are reverse biased and .J, is forward 
biased, 4s layers po, My across junction J, are heavily doped, ds has low breakdown voltage. 
Layer n, being lightly doped as compared to layer p,, junction J, has large breakdown voltage. 
As a consequence, during the reverse blocking of a thyristor, junction J, supports most of the 
reverse voltage. Even during blocking, the depletion region extends into the n, layer, This 
shows that width of layer n, absorbs most of the voltage during forward blocking mode and 
also during the reverse blocking mode of a thyristor, 

If positive gate voltage is applied between gate and cathode during the reverse blocking 
of a thyristor, blocking property of junction J, disappears as J, has low breakdown voltage. 
As a result, reverse voltage appears across junction -J,. Positive charge carriers are now 
injected into the nm, layer of reverse biased junction J,. This causes an increase in the reverse 
leakage current. The flow of large leakage current associated with high reverse voltage results 
im increased power loss across junction J, and heat thus generated may raise the junction 
temperature above the allowable maximum and this may destroy the SCR. Such an happening 
can. be avoided if no positive gate voltage is applied between gate and cathode during the 
reverse blocking of SCR. Some manufacturers do specify the maximum positive voltage 
(usually less than 0,25 V) that can exist between gate and cathode during the reverse blocking 
of a thyristor, 

4.3, SWITCHING CHARACTERISTICS OF THYRISTORS 

Static and switching characteristics of thyristors are always taken into consideration for 
economical and reliable design of converter equipment. Static characteristics of a thyristor 
have already been examined. In this part of the section; switching, dynamic or transient 
characteristics of thyristors are discussed. | 
During turn-on and turn-off processes, a thyristor is subjected to different voltages across 
it and different currents through it. The time variations of the voltage across a thyristor and 
the current through it during turn-on and turn-off processes give the dynamic or switching 
characteristics of a thyristor. Here, first switching characteristics during turn-on are 
described and then the switching characteristics during turn-off. 

4.3.1, Switching Characteristics during Turn-on 

A forward-biased thyristor is usually turned on by applying a positive gate voltage 
between gate and cathode. There is, however, a transition time from forward off-state to 
forward on state. This transition time called thyristor turn-on time, is defined as the time 
during which it changes from forward blocking state to final on-state. Total turn-on time tan 
secre into three intervals ; (¢) delay time fz) (Ht) rise ime & and (ii) spread time t,, Wig. 

(i) Delay time tz : The delay time t, is measured from the instant at which gate current 
reaches 0.9 J. to the instant at which anode current reaches U.1f,. Here J, and J, are 
respectively the final values of gate and anode currents. The delay time may also be defined 
as the time during which anode voltage falls from V,, to 0.9V,, where V, =initial value of anode 
voltage. Another way of defining delay time is the time during which anode current rises from 
forward leakage current to 0.1 J, where J, = final value of anode current. With the thyristor 
initially in the forward blocking state, the anode voltage is OA and anode current is small 
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leakage current as shown in Fig. 4.8, Initiation of turn-on process is indicated by a rise in 
anode current from small forward leakage current and a fall in anode-cathode voltage from 
forward blocking voltage OA. As gate current begins to flow from gate to cathode with the 
application of gate signal, the gate current has non-uniform distribution of current density 
over the cathode surface due to the p layer. Its value is much higher near the gate but 
decreases rapidly as the distance from the gate increases, see Fig, 4.6 (a). This shows that 
during delay time ¢,, anode current flows in a narrow region near the gate where gate current 
density is the highest. : 

The delay time can be decreased by applying high gate current and more forward voltage 
between anode and cathode. The delay time is fraction of a microsecond. 





i) 
Fig. 4.6. (a) Pee biiianted of gate and anode currents sists delay time 
(6) Conducting area of cathode (i) during f¢, (#1) after ¢, (1) after f,. 

(ti) Rise time t, : The rise time t. is the time taken by the anode current to rise from 0.1 
1, to 0.9 J,. The rise time is also defined as the time required for the forward blocking off-state 
voltage to fall from 0.9 to 0.1 of its initial value OA. The rise time is inversely proportional 
to the magnitude of gate current and its build up rate. Thus ¢, can be reduced if high and 
steep current pulses are applied to the gate. However, the main factor determining f, is the 
Nature of anode circuit. For example, for series RL circuit, the rate of rise of anode current 
is slow, therefore, t, is more. For RC series circuit, di/dé is high, t, is therefore, less. 


From the beginning of rise time ¢,, anode current starts spreading from the narrow 
conducting region near the gate. The anode current barepde at. a rate of about 0.1 mm per 
microsecond [2]. As the rise time is small, the 
anode current is not able to spread over the entire 
cross-section of cathode. Fig. 4.6 (6) illustrates 
how anode current expands over cathode surface 
area during turn-on process of a thyristor. Here 
the thyristor is taken to have single gate electrode 
away from the centre of p-layer. It is seen that 
anode current conducts over a small conducting 
channel even after ¢t, -this conducting channel 
area is however, greater than that during f¢,. : = 7 
Fig. 4.7. Typical waveform for 

pate current. 
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During rise time, turn-on losses in the thyristor are the highest due to high anode voltage 
(V,) and large anode current (I,) occurring together in the thyristor as shown in Fig, 4.8. As 
these losses occur only, over a small conducting region, local hot spots may be formed and the 
device may be damaged. 

(tit) Spread time ¢, : The spread time is the time taken by the anode current to rise from 
0.9 J, to l,. It is also defined as the time for the forward blocking voltage to fall from 0.1 of 
its value to the on-state voltage drop (1 to 1.5 V). During this time, conduction spreads over 
the entire cross-section of the cathode of SCR. The spreading interval depends on the area 
of cathode and on gate structure of the SCR. After the spread time, anode current attains 
steady state value and the voltage drop across SCR is equal to the on-state voltage drop of 
the order of 1 to 1.5 V, Fig. 4.8. 

Total turn-on time of an SCR is equal to the sum of delay time, rise time and spread time. 
Thyristor manufacturers usually specify the rise time which is typically of the order of 1 to 
4 u-sec. Total turn-on time depends upon the anode circuit parameters and the gate signal 
Waveshapes. 

During turn-on, SCR may be considered to be a charge controlled device. Acertain amount 
of charge must be injected into the gate region for the thyristor conduction to begin. This 
charge 1s directly proportional to the value of gate current. Therefore, higher the magnitude 
of fate current, the lesser time it takes to inject this charge. The turn-on time can therefore 
be reduced by using higher values of gate currents. The magnitude of gate current is usually 
3 to 5 times the minimum gate current required to trigger an SCR. 

When gate current is several times higher than the minimum gate current required, a 
thyristor is said to be hard-fired or overdriven. Hard-firing or overdriving of a thyristor 
reduces tts turn-on time and enhances it di/dt capability. Atypical waveform for pate current, 
that 1s widely used, is shown in Fig. 4.7. This waveform has higher initial value of gate current 
with a very fast rise time. The initial high value of gate current is then reduced to a lower 
value where it stays for several microseconds in order to avoid unwanted turn-off of the device. 

4.3.2. Switching Characteristics during Turn-off 

Thyristor turn-off means that it has changed from on to off state and is capable of blocking 
the forward voltage. This dynamic process of the SCR from conduction state to forward 
blocking state is called commutation process or turn-ojf process, 

Once the thyristor is on, gate loses control. The SCR can be turned off by reducing the 
anode current below holding current . If forward voltage is applied to the SCR at the moment 
its anode current falls to zero, the device will not be able to block this forward voltage as the 
carriers (holes and electrons) in the four layers are still favourable for conduction. The device 
will therefore go into conduction immediately even though gate signal is not applied. In order 
to obviate such an occurrence, it is essential that the thyristor is reverse biased for a finite 
period after the anode current has reached zero. 

The turn-off time f, of a thyristor is defined as the time between the instant anode current 
becomes zero and the instant SCR regains forward blocking capability. During time ¢,, all the 
excess carriers from the four layers of SCR must be removed. This removal of excess carriers 
consists of sweeping out of holes from outer p-layer and electrons from guter n-layer. The 
carriers around junction J, can be removed only by recombination. The turn-off time is divided 
into two intervals ; reverse recovery time ¢,, and the gate recovery time t,,; Le. t, =t,,+t,,. 


* This can be achieved through natural commutation or forced commutation. 
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Fig, 4.8. Thyristor voltage and current waveforms during turn-on and turn-off processes.. 

The thyristor characteristics during turn-on and turn-off processes are shown in one Fig. 4.8 

so as to gain insight into these processes. 

At instant t,, anode current becomes zero. After ¢,, anode current builds up in the reverse 
direction with the same di/d¢ slope as before t,. The reason for the reversal of anode current 
after f, is due to the presence of carriers stored in the four layers. The reverse recovery current 
removes excess carriers from the end junctions J, and J, between the instants ¢, and f3. In 
other words, reverse recovery current flows due to the sweeping out of holes from top p-layer 
and electrons from bottom n-layer. At instant fg, when about 60% of the stored charges are 
removed from the outer two layers, carrier density across J, and Jy begins to decrease and 
with this reverse recovery current also starts decaying. The reverse current decay is fast in 
the beginning but gradual thereafter. The fast decay of recovery current causes a reverse 
voltage across the device due to the circuit inductance. This reverse voltage surge appears 
across the thyristor terminals and may therefore damage it. In practice, this Is avoided by 
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using protective RC elements across SCR. At instant f,, when reverse recovery current has 
fallen to nearly zero value, end junctions./, and J, recover and SCRis able to block the reverse 
voltage. For a thyristor, reverse recovery phenomenon between ft, and ?¢, is similar to that of 
a rectifier diode. 

At the end of reverse recovery period (f,—f,), the middle junction -/, still has trapped 
charges, therefore, the thyristor is not able to block the forward voltage at f, The trapped 
charges around -J5, i.e. in the inner two layers, cannot flow to the external circuit, therefore, 
these trapped charges must decay only by recombination. This recombination is possible if a 
reverse voltage is maintained across SCR, though the magnitude of this voltage is not 
important. The rate of recombination of charges is independent of the external circuit 
parameters. The time for the recombination of charges between f, and f, is called gate recovery 
time f,,. Atinstant ¢,, junction «J, recovers and the forward voltage can be reapplied between 
inode: ie cathode, The thyristor turn-off time ¢, is in the range of 3 to 100 sec. The turn-off 
time is influenced by the magnitude of forward current, dz/‘dt at the time of commutation 
and junction temperature, An increase in the magnitude of these factors increases the 
thyristor turn-olf time. If the value of forward current before commutation is high, trapped 
charges around junction <J, are more, The time required for their recombination is more and 
therefore turn-off time is increased. But turn-off time decreases with an increase in the 
magnitude of reverse voltage, particularly in the range of 0 to —50 V. This is because high 
reverse voltage sucks out the carriers out of the junctions -J,, J, and the adjacent transition 
regions at a faster rate. It is evident from above that turn-off time t is not a constant 
parameter of a thyristor. 

The thyristor turn-off time ¢, is applicable to an individual SCR. In actual practice, 
thyristor (or thyristors) form a part of the power circuit, The turn-off time provided to the 
thyristor by the practical circuit is called circuit turn-off time t.. Tt is defined as the time 
between the instant anode current becomes zero and the instant reverse voltage due to 
practical circuit reaches zero, see Fig. 4.8. Time t, must be greater than ¢, for reliable turn-off, 
otherwise the device may turn-on at an undesired instant, a process called 
conumutation fatlure. 

Thyristors with slow turn-off time (50-100 usec) are called converter grade SCRs and 
those with fast turn-off time (3—50 usec) are called inverter-grade SCRs. Converter-grade 
SCRs are cheaper and are used where slow turn-off is possible as in phase-controlled 
rectifiers, ac voltage controllers, cycloconverters etc, Inverter-grade SCRs are costlier and are 
used in inverters, choppers and force-commutated converters. 

4.4, THYRISTOR GATE CHARACTERISTICS 

The forward gate characteristics of a thyristor are shown in Fig. 4,9 in the form of a graph 
between gate voltage and gate current. Here positive gate to cathode voltage V, and positive 
gate to cathode current J, represent dc values, As gate-cathode circuit of a thyristor is a p-n 
junction, gate characteristics of the device are similar to that of a diode. For a particular type 
of SCRs, V,-I, characteristic has a spread between two curves 1 and 2 as shown in Fig, 4.9. 
This spread, or scatter, of gate characteristics is due to difference in the low doping levels of 
pandn layers. The gate trigger circuitry must be suitably designed to take care of this 
unavoidable scatter of characteristics. In Fig. 4.9, curve 1 represents the lowest voltage values 
that must be applied to turn-on the SCR. Curve gives the highest possible voltage values 
that can be safely applied to gate circuit. 
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Each thyristor has maximum limits as V,,, for gate voltage and J,,, for gate current, There 
is also rated (average) gate power dissipation P,,,, specified for each SCR. These limits should 
not be exceeded in order to avoid permanent damage of junction J3, Fig. 4.3. There are also 
minimum limits for V, and J, for reliable turn-on, these are represented by oy and ox 
respectively in Fig. 4.9. As stated before, if V,,. Lym and Pyq, are exceeded, the thyrister can 
be destroyed. This shows that preferred gate drive area for an SCR 1s bedefghb as shown in 
Fig. 4.9. 






oy, ox — Minimum gate voltage and current to 
trigger an SCR. 

Vem» gm — Maximum permissible gate voltage 

and current. 


oa — Non-triggering gate voltage. 


ete — fam oe ie 


Fig. 4.9. Forward gate characteristics of thyristor. 

A non-triggering gate voltage is also prescribed by the manufacturers of SCRs. This is 
indicated by oa in Fig. 4.9. If firing circuit generates positive gate signal prior to the desired 
instant of triggering the SCR, it should be ensured that this unwanted signal is less than the 
non-triggering gate voltage oa. At the same time, all spurious or noise signals should be less 
than the voltage oa. . 


| 





A >A 
Trigger ere | Trigger circuit y 
‘Spee Co ane 7 nero mee oak | 
| ww ee 
| . I | 
: ; 
| | | 
1 3 3 
1 7 1 ik 
| ! 7 
|. lA ee Ee ij 


(a) ©) 
Fig. 4.10, Trigger circuit connected to gate-cathode circuit of an SCR. 


The design of the firing circuit can be carried out with the help of Figs. 4.10 and 4.11. In 
Fig. 4.10 (a) is shown a trigger circuit feeding power to gate-cathode circuit. For this circuit, 
E,=V,+1,f, ... (4.1a) 

i 
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where E.= gate source voltage 
V,, = gate-cathode voltage 
I, = gate current 

and R, = gate-source resistance 


The internal resistance R, of trigger source should be such that current (E,/R,) 1s not 
harmful to the source as well as to the gate circuit when SCR is turned on. In case R, is low, 
an external resistance in series with R, must be connected. 

A resistance R, is also connected across gate-cathode terminals, Fig. 4.10 (b), so as to 
provide an easy path to the flow of leakage current between SCR terminals. If 
I mn and V,,,, are the minimum gate current and gate voltage to turn-on SCR, then it 1s Bee 
from Fig, 4.10. (6) that current through R, is V,,,,,/%, and the trigger source voltage E, is 
given by 3 


pe (4.1) 
E, = Fm T- “ere, + Veemn 


For low-power circuits, operating point is obtained by utilizing the source V-I 
characteristic and the device V-/ 
characteristic. In view of this, for selecting the 
operating point for the circuit of Fig. 4.10, a 
load line of the gate source voltage E,=OA 1s 
drawn as AD in Fig. 4.11. Here OD = trigger 
circuit short circuit current =£,/R,. Let us 
consider a thyristor whose V,-/, characteristic 
is given by curve 3. Intersection of load line 
AD and V,-I, curve 3 fives the operating point 
S. Thus, for this SCR, gate voltage = PS and 
gate current =OP. In order to minimise 
turn-on time and jitter (unreliable turn-on), 
the load line and hence the operating point 
S, which may change from S, to S,, must be as 
close to the P,,, curve as possible. At the same 
time, the operating point S must lie within the 
limit curves 1 and 2. The gradient of the load 

Fig. 4.11. Choice of gate circuit parameters. line AD (=OA/OD) will give the required gate 
source resistance R, The minimum value of gate source series resistance is obtained by 
drawing a line AC tangent to P,,,,, curve. 





0 = ‘ign D Ig 
Gate Current ———} 


Gate drive requirements in terms of continuous de signal can be obtained from Fig. 4.11. 
However, it is common to use a pulse to trigger a thyristor. For pulse widths beyond 
100 usec, the de data apply [1]. For pulse widths less than 100 psec, magnitudes of gate voltage 
and pate current can be increased, see Example 4.2. 


As stated before, thyristor is considered to be a charge controlled device. Thus, higher 
the magnitude of gate current pulse, lesser is the time to inject the required charge for 
turning-on the thyristor. Therefore, SCR turn-on time can be reduced by using gate current 
of higher magnitude, It should be ensured that pulse width is sufficient to allow the anode 
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current to exceed the latching current. In practice, gate pulse width is usually taken as equal 
to, or greater than, SCR turn-on time. If T is the pulse width as shown in Fig. 2.10 (a), then 
dy 2 fan 
With pulse triggering, greater amount of gate power dissipation can be allowed ; this 
should, however, be less than the peak instantaneous gate power dissipation F,,,, as specified 
by the manufacturers. Frequency of firing (or pulse width) for trigger pulses can be obtained 
by taking pulse of (i) amplitude P,,,, (71) pulse width T and (iii) periodicity T;. Therefore, - 











“ia 2 Pag ares CRA erefae 
Fe. | 
or Tr See (4,2) 
where f= = = frequency of firing, or pulse repetition rate, in Hz, 
i 
and T = pulse width in sec. 
Fein r cy 
In the limiting case, —8“=P.,, or f=a— 
=) ‘Tam as Pe. 


Gate current 





Gate current 





(c) 


Fig. 4.12, (a) Pulse gating and (b) high-frequency carrier gating of SCRs, 
(c) Thyristor protection against reverse overvoltages. 
A duty cycle 1s defined as the ratio of pulse-on period to periodic time of pulse. In Fig. 
4.12 (a), pulse-on period is T and periodic time is T,. Therefore, duty cycle 6is given by 
rs 





§= T, ‘r 
P saw P ; 
From Eq. (4.2a), ae $ Poy OF a =P ..A4.2 b) 


Sometimes the pulses of Fig. 4.12 (a) are modulated to generate a train of pulses as shown 
in Fig. 4.12 (b). This technique of firing the thyristor is called high-frequency carrier gating. 
The advantages offered by this method of firing the SCRs are lower rating, reduced 
dimensions and therefore an overall economical design of the pulse transformer needed for 
isolating the low power circuit from the main power circuit. ¥ 

For an SCR, V,,, and J,,, are specified separately. If both of these are used for pulse firing, 
then P,,, may be exceeded and the thyristor would be damaged. For example, GE-C35 
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thyriator has Von =10V and Lom = 2A. If both these limits are placed on C35, the power 
dissipation is 20 W. But this is far excess of the specified P..=5 W. It should be encured that 
(pulse voltage amplitude) (pulse current amplitude) < Pre | 





There is also prescribed a peak reverse voltag | tive witl 
| ) scTil | | ge (gate negative with respect to cathode) 
that can be applied across gate-cathode terminals. Any voltage signal, ie by the trigger 
wat (or by any interference), exceeding this prescribed limit of about 5 to 20 V may damage 
the gate circuit. For preventing the occurrence of such hazards, a diode is connected either 
y; series with the gate circuit or across the gate-cathode terminals as shown in Fig. 4.12 (c). 
Jiode across the gate-cathode terminals, called clamping diode, prevents the gate-cathode 
voltage from becoming more than about 1 V. Diode in series with gate circuit prevents the 
flow of negative gate source current from becoming more than small reverse leakage current, 
The magnitude of gate voltage and gate current for triggering an SCR is inversely 
proportional to junction temperature, Thus, at very low temperatures, gate voltage and gate 
current must have high values in order to ensure turn-on. But P m Should not be exceeded 
In any case. * 
| The resistor Ry, connected across gate-cathode terminals, Fig. 4.10 (6), also serves to 
bypass a part of the thermally-generated leakage current across junction J, when SCR is in 
the forward blocking mode ; this improves the thermal stability of SCR. 
iia mple 4.2. (a) The average gate power dissipation for an SCR is 0.5 W. The allowable 
gate voltage variation ts from a minimum of 2 V to a maximum of 10 V. Taking average gate 
power dissipation constant, plot allowable gate voltage as a function of gate current. 
(6) If SCR of part (a) is triggered with gate pulses of d 3 | 
, i of d cycle 0.5, find the r CELL 
average gate power dissipation. ori PEE RES Ee fend Se ere et 





Solution. (a) HereV_J, = 0.5 W Vg 
For V,=2V,1,=0.5/2=0.25.4 
For V,=10 V, I, = 0.5/10 + 


| For other values of gate voltage V,, in between 2 
and 10 V, gate current J, is obtained and plotted in => ; 
Fig. 4.13 showing the variation of V, as afunction of .¢ ,|.. 
I, for constant P,,,., a 
(6) For this example, I, = 2T in Fig. 4.12 (a) 
so that 6=0.5. For de values, Vd, = 0.5 W. " ae 5 ie — 
| 2 . | | f : O2 O25 | 
For pulse firing, Fig. 4.12 (a), the average gate [gin A : 
power dissipation can be obtained from the relation Fig. 4.13. Pertaining to Example 4.2 
g. 4.13. ing to Example 4.2. 


=0.05 A ding 





i 

, | fr «all i 

b | Was : | 
a 





1 f° | 
T, 40 Ugty 
where v,, i, are the instantaneous values of gate voltage and gate current. Therefore, for this 
example, average gate power dissipation is given by 


Wo Focae 


| =(0 7) - oor 1 
g "fs op ~ (0-5), = 0.25 W. 
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As this is less than the allowable Pav, higher values of v, i, can be used for the pulse 
firing of SCRs. | 
-/Example 4.3. Foran S CR, the gate-cathode characteristic has a straight-line slope of 130. 
For trigger source voltage of 15 V and allowable gate power dissipation of 0.5 watts, compute 
the gate-source resistance. | 


Solution. Here V,1,=0.5 W 
and Li = 130 
I, 
_ 130 17 =0.5 
This gives I, = (0.5/130]'”" = 0,062 =62 mA 
“. Gate voltage, V, = 180 x 62 x 10°* = 8.06 V 
For the gate circuit, E,= I, i, + V, = 0.062 R, + 8.06=15 
15 - 8.06 | 
or = AR ? ! 
Re=h ngg, = 181.940. 


| /Example 4.4. The trigger circuit of a thyristor has a source voltage of 15 V and the load 

line has a slope of - 120 V per ampere The minimum gate current to turn-on the SCR is 25 
mA. Compute ? 

(a) source resistance required in the gate circuit, 

(6) the trigger voltage and trigger current for an average gate power dissipation of 0.4 
watts. 1 . 

Solution. (a) The slope of load line gives the required gate source resistance. From the 
load line, series resistance required in the gate circuit is 120 Q. 

(b) Here V,f=0.4W 

For the gate circuit, £,=RJ,+V, 


15 = 120 l, oo 


I, 


or 120 2 - 151,+0.4=0 
Its solution gives f,= 38.56 mA or 86.44mA 
,  0.4x 10° 
Vg 88.56 
0.4 x 10° 
86.44 


Choose V, = 4.627 V and I , = 86.44 mA for minimum gate current of 25 mA. 

/Example 4.5. For an SCR, gate-cathode characteristic is given by V,=1+ 10 [,. Gate 
source voltage is a rectangular pulse of 15 V with 20 u sec duration. For an average gate power 
dissipation of 0.3 W and a peak gate drive power of 5 W, compute ‘ 1 

(a) the resistance to be connected in series with the SCR gate, 3 
(b) the triggering frequency and | 

(c) the duty cycle of the triggering pulse. 

Solution. (a) Here V,=1+101, 


= 10.37 V 
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For pulse-triggering of SCRs, 
(Peak gate voltage) (peak gate current) during pulse-on period 
= peak gate drive power, Fay 


As the gate pulse width is 20 1 sec (less than 100 pt sec), the de data does not apply. Had 
the gate pulse width been more than 100 usec, the relation (1+ 101.) I, = 0.3 W will hold good. 
But as the de data does not apply, we have here 

(1+ 10 J,) I, = 5 W 


or 10 +I,-5=0 
Its solution gives, I, = 0.659 A. 
.. Amplitude of current pulse = (0.659 A 
During the pulse-on period, E,=R,1,+V, 
or 15=A,1,+1+ 10 I, 
15- 
R, = 10= 11.2440 
(b) go8 i= oT _ Here T= 20 psec 
.. Triggering frequency, = 0.3 x 10° i a 
pa f="5 x20 70 Hz 
(c) Duty cycle, 6=f(T=3 x 10° x 20x 10° *=0.06, 


“ Example 4.6. Latchi n SCR inserted i 
, xample 4.6. Lc tching current for an SCR inserted in between a dc voltage source of 200 
Ate soos. uf 100 me. Compute the minimum width of gate-pulse current required to 
“rn-on this OCL in case the load consists of (a) L=0.2 H, (b)R=200i thLh=0.5 
Hf and (c) R= 20 Q in series with L = 2.0 H e rs 
Solution. (a) When load consists of pure inductance L, the voltage equation is 
di ae : i 
Bak. or di=+t or ist 
200 _0.1* 0.2 


0.100=— 5 ¢ or Ea opawes 100 LIsec 


Thus, minimum gate-pulse is 100 usec 
(6) The voltage equation for R-L load is 


_p.7 at 
B=Ri+L 


A 
or inB (ter!) or 0.100= 2 (1 — e710 


or f= 100.503 usec 
“. Minimum gate-pulse width is 100.503 usec 


(c) i-E (er) 
200, 
99 (k-e@ °') «or t= 1005.03 psec. 
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This example shows that if load resistance is increased from zero to 20 2, the gate-pulse 
width remains almost unaffected. But with an increase in inductance from 0.2 H to 2 H, the 
gate-pulse width becomes 10 times its previous value. 

. Example 4.7. The gate current of a forward biased SCR is gradually increased from zero 
until the device is turned on. Itis observed that gate current, just prior to the instant of turn-on, 
is 1 mA and soon after SCR goes into conduction, gate current decays to about 0.3 mA. Discuss’ 
how it happens. 

Solution. When anode of an SCR is made positive with respect to cathode, a small voltage 
&, generated internally, appears across the cate-cathode terminals, Fig. 4.14 (a), The 
magnitude of KE’, depends upon applied anode voltage and the device geometry. In the 
gate-cathade equivalent circuit of Fig. 4.14 (a), R is the static non-linear gate resistance. 

If the SCR is turned on by applying a positive gate signal, then the equivalent circuit for 
the trigger circuit is as shown in Fig. 4.14 (5), Here E, is the gate voltage generated internally 
due to the flow of anode current. The magnitude of £’, is much smaller as compared to £,. 
For a typical SCR, E’, = 0.05 V and E, = 0.7 V, 


Trigger 


circuit NS 


—=———_— 








JEg 
eee eee ae eet ees eles oo ae j K 
(2) | (5) 
Fig. 4.14. Pertaining to Example 4.7. 
| | a a oo | 
Before the SCR starts conducting, gate current I =>aR As E,’ is very small, 


E-E 
1 =H,/(R + &,). After SCR goes into conduction, /, = 7 - R Voltage E, is quite large as 


compared to E’,, therefore, gate current is reduced from a higher value of J,’ to a lower value 
of J 


In case £, is reduced to zero, gate current becomes negative with its value equal to 





. —& ) | | 
ly =F Under this condition of E,=0, the voltage appearing across the gate-cathode 
a ke ; & 


terminals is E, —I," R. 
4.5. TWO-TRANSISTOR MODEL OF A THYRISTOR 

The principle of thyristor operation can be explained with the use of its two-transistor 
model (or two-transistor analogy). Fig. 4.15 (a) shows schematic diagram of a thyristor. From 
this figure, two-transistor model is obtained by bisecting the two middle layers, along the 
dotted line, in two separate halves as shown in Fig. 4.15 (6). In this figure, junctions 
J,—J, andJ,—J can be considered to constitute pnp and npn transistors separately. The 
circuit representation of the two-transistor model of a thypistor js, shown Mt EdBetsinees ) 

WWW.rag 
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(a) (5) (c) 
Fig. 4.15. Thyristor (a) its schematic diagram, (b) and (c) its two-transistor model. 


In the off-state of a transistor, collector current J, is related to emitter current J, as 


Ic =O1p +Icz0 
where a is the common-base current gain and Ic¢go is the common-base leakage current of 
collector-base junction of a transistor. 
For transistor @), in Fig. 4.15 (c), emitter current I, = anode current J, and I, = collector 
current J,,. Therefore, for Q,, 


ley = 04 r + lego 44.3) 
where a, = common-base current gain of @, 
and legoi = common—base leakage current of @),. 


Similarly, for transistor Q,, the collector current Ip. is given by 


Ie2 = O I, +Icroe (4.4) 
where , = common-base current gain of Q. 
lego2 = common-base leakage current of @. 
and I, = emitter current of Q,. 


The sum of two collector currents given by Eqs. (4.3) and (4.4) is equal to the external 
circuit current J, entering at anode terminal A. 
I, = leq “+ Teo 
or I, = 0, I+ tepe + Os I, +lenoe ..-( 4.5) 
When gate current is applied, then J, =I, + J,. Substituting this value of J, in Eq. (4.5) 
gives 
rs =, bes + LeRoi + Oo dl, +I.) + leroe 
I+], +I, 
, Oo fe + 4cR01 T 4cBO2 . 
or I= 1—(c, + 0) ...(4.6) 
For a silicon transistor, current gain «is very low at low emitter current. With an increase 
in emitter current, builds up rapidly as shown in Fig. 4.16. With gate current I,=0 and 
with thyristor forward biased, (a, +.) is very low as per Eq (4.16) and Sentara leakage 
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current somewhat more than (Jpgq) +I egos) Current gain,a 
flows. If, by some means, the emitter current of 


two component transistors can be increased so = ,|. ae 

that +0, approaches unity, then as per Eq. —— 3 
(4.6) I, would tend to become infinity thereby 
turning-on the device, Actually, external load 
limits the anode current to a safe value after the 
thyristor begins conduction. The methods of °°° 
turning-on a thyristor, in fact, are the methods 

of making o,+, to approach unity. These 0.25+ 
various mechanisms for turning-on a thyristor 
are now discussed below : 

(t) GATE Triggering : With anode positive 
with respect to cathode and wifh gate current Fig. 4.16. Typical variation of current gain 
I, =0, Eq. (4.6) shows that anode current, equal RANE BLUME? current ofA thyristor. 
to the forward leakage current, is somewhat more than Ippo; + Iegoo. Under these conditions, 
the device is in the forward blocking state. : 

Now a sufficient gate-drive current between gate and cathode of the transistor is applied. 
This gate-drive current is equal to base current I,. = J, and emitter current J, of transistor 
Q,. With the establishment of emitter current I, of Qo, current gain a, of My increases and 
base current Jp) causes the existence of collector current Ip. = By gq = Bg I,. This amplified 
current J» serves as the base current J,, of transistor @,. With the flow of J;, collector current 
Tc. = By Lei = By By J, of Q; comes into existence. Currents Ig; and Jp; lead to the establishment 
of emitter current J, of Q, and this causes current gain @, to rise as desired. Now current 
[,+Ic¢, =(1+ B,B.) 7, acts as the base current of Q, and therefore its emitter current 
1, =Ig,+1,. With the rise in emitter current J,, a of Q@, increases and this further causes 
Teo = By (1 + B, 6.) I, to rise. As amplified collector current Ic¢g 18 equal to the base current of 
@,, current gain a, eventually rises further. There is thus established a regenerative action 
internal to the device. This regenerative or positive feedback effect causes O, +O to grow 
towards unity. As a consequence, anode current begins to grow towards a larger value limited 
only by load impedance external to the device. When regeneratiom has grown sufficiently. 
gate current can be withdrawn. Even after J, 18 removed, regeneration continues. This 
characteristic of the thyristor makes it suitable for pulse triggering. Note that thyristor is a 
latching device. 

__ After thyristor is turned on, all the four layers are filled with carriers and all junctions 
are forward biased. Under these conditions, thyristor has very low impedance and is in the 
forward on-state. 

(tt) Forward-voltage triggering ; If the forward anode to cathode voltage is increased, the 
collector to emitter voltages of both the transistors are also increased. As a result, the leaka fe 
current at the middle junction J, of thyristor increases, which is also the collector current of 
@, as well as @,. With increase in collector currents I, and J-. due to avalanche effect, the 
emitter currents of the two transistors also increase causing &, + ot, to approach unity. This 
leads to switching action of the device due to regenerative action. The forward-voltage 
triggering for turning-on a thyristor may be destructive and should therefore be avoided. 
(iit) dv/dt triggering : The reversed biased junction J, behaves like a capacitor because 
of the space-charge present there. Let the capacitance of this junction be C.. For any capacitor, 
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._ pave, nae . 
t=C ae In case it is assumed that entire forward voltage v, appears across reverse biased 
junction J, then charging current across the junction is given by 
dv, 
i=c.— 
1 dt 
This charging or displacement current across junction J) is collector currents of 
Q, and @,. Currents J5, Ic, will induce emitter current in Q,, Q. In case rate of rise of anode 
voltage is large, the emitter currents will be large and as a result, a, + &, will approach unity 
leading to eventual switching action of the thyristor. 
(iv) Temperature triggering : At high temperature, the forward leakage current across 
junction J, rises. This leakage current serves as the collector junction current of the 
component transistors @, and @),. Therefore, an increase in leakage current Jp, po leads to 
an increase in the emitter currents of @,,@,. As a result, (o,+«,) approaches unity. 
Consequently, switching action of thyristor takes place. 





(uv) Light triggering : When light is thrown on silicon, the electron-hole pairs increase. In 
the forward-biased thyristor, leakage current across J, increases which eventually increases 
Ot; +O» to unity as explained before and switching action of thyristor occurs. 


__As stated before, gate-triggering is the most common method for turning-on a thyristor. 
Light-triggered thyristors are used in HVDC applications. 


The operational differences between thyristor-family and transistor family of devices may 
now be summarised as under : 


(¢) Once a thyristor is turned on by a gate signal, it remains latched in on-state due 
to internal regenerative action. However, a transistor must be given a continuous 
base signal to remain in on-state. 

(1) In order to turn-off a thyristor, a reverse voltage must be applied across its anode- 
cathode terminals. However, a transistor turns off when its base signal is removed. 


4.6, THYRISTOR RATINGS 


Thyristor ratings indicate voltage, current, power and temperature limits within which 
al thyristor can be used without damage or malfunction. Ratings and specifications serve as 
a link between the designer and the user of SCR systems. 


For reliable operation of a thyristor, it should be ensured that its current and voltage 
ratings are not exceeded during its working. One of the major disadvantages of thyristors is 
that they have low thermal time constant. If a thyristor handles voltage, current and power 
greater than its specified ratings, the junction temperature may rise above the safe limit and 
as a result thyristor may get damaged. Therefore, when SCRs are selected, some safety 
margin must be kept in the form of choosing device ratings somewhat higher than their 
normal working values. The manufacturers of thyristors make a comprehensive list of the 
voltage, current, power and temperature ratings after carefully testing the device. If SCRs 
are operated under these specified conditions, no damage will be done to SCRs. The object of 
this section is to discuss the various SCR ratings. 

A thyristor has several ratings such as voltage, current, power, dv/dt, di/dt, turn-on time, 
turn-off time etc. For correct application of the device in thyristor circuits, a knowledge of 
these ratings is desirable. 
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Some subscripts are associated with voltage and current ratings for convenience in 
identifying them, First subscript letter indicates the direction or the state : 

D —forward-blocking region with gate circuit open ; T on-state ; R >reverse ; F forward. 

Except for the gate G, second subscript letter denotes the operating values. 

W working value ; R repetitive value ; S surge or non-repetitive value ; 7’ trigger. 

Third subscript letter M indicates the maximum or peak value. 

Ratings with less than three subscripts may not follow these rules. Gate ratings involve 
the subscript G. Subscript A usually stands for anode and subscript AV for average. 

4.6.1. Anode Voltage Ratings 

A thyristor is made up of four layers and three junctions as shown in Fig. 4.1 (6), The 
middle junction J, blocks the forward voltage whereas the two end junctions J), J, block the 
reverse voltage. The anode voltage ratings indicate the values of maximum voltages that a 
thyristor can withstand without a breakdown of the junction area with gate circuit open. 

For ac systems, the supply voltage may not be a smooth sine wave. The voltage transients 
may occur regularly or at random as shown in Fig. 4.17 (a), The different anode voltage 
ratings are as under : 

(i) Vpwy —Peak working forward-blocking voltage. It specifies the maximum 
forward-blocking voltage that a thyristor can withstand during its working. Fig. 4.17 (a) 
shows that Vpyw,, is equal to the maximum value of the sine voltage wave. 

(ii) Vizxs —Peak repetitive forward-blocking voltage. It refers to the peak transient voltage 
that a thyristor can withstand repeatedly or periodically in its forward-blocking mode. The 
tating is specified at a maximum allowable junction temperature with gate circuit open or 
with a specified biasing resistance between gate and cathode. 

Voltage Vppy, is encountered when a thyristor is commutated or turned-off. It may be 
recalled that during turn-off process, an abrupt change in reverse recovery current is 


accompanied by a spike voltage L a - this is responsible for the appearance of Vppyy across 


thyristor terminals. 





VSM 


(a) (5) 
Fig. 4.17. Anode voltage ratings during the blocking state of a thyristor. 
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(iti) Vpsy —Peak surge (or non-repetitive) forward-blocking voltage. It refers to the peak 
value of the forward surge voltage that does not repeat. Its value is about 130% of Vora, but 
Vos 1s less than forward breakover voltage Vz as shown in Fig, 4.17 (d). 


(iv) Views —Peak working reverse voltage. It is the maximum reverse voltage that a 
thyristor can withstand repeatedly. Actually, it is equal to the peak negative value of a sine 
voltage wave, Fig. 4.17 (a). 

(v) Very —Peak repetitive reverse voltage. It specifies the peak reverse transient voltage 
that may occur repeatedly in the reverse direction at the allowable maximum junction 
temperature, The transient lasts for a fraction of the time of one cycle, Fig. 4.17 (a), The 
reason for the periodic appearance of Vpp,, is the same as for Vor: 


(vt) Vsyy —Peak surge (or non-repetitive) reverse voltage. It represents the peak value of 
the reverse surge voltage that does not repeat. Its value is about 130% of Verm- But Vesy is 
less than reverse breakover voltage Vp as shown in Fig. 4.17 (6). 


Both Vpsy and Vpsy ratings can be increased by connecting a diode in series with a 
thyristor. The anode voltage ratings listed above from (i) to (tit) pertain to forward blocking 
voltages whereas from (iv) to (vi) belong to reverse blocking voltages ; a thyristor must be 
able to support these voltages safely with gate circuit open, 

(viz) Vp —On-state voltage drop. It is the voltage drop between anode and cathode with 
has forward on-state current and junction temperature. Its value is of the order of 1 to 


(zit) Forward du/dt rating. The dv/dt rating of a thyristor indicates the maximum rate 
of rise of the anode voltage that will not trigger the device without any gate signal. If 
dv/dt is more than the specified maximum value, the thyristor may be switched on, With 
forward voltage, junction J, is reverse biased. Charges across J develop a capacitance C, 
When forward voltage is suddenly applied to the device, a charging current i=C & begins 
to flow and it may act as a gate current to turn on the SCR even without any positive gate 
signal. In practice, du/dt triggering is never employed as it gives random turn-on of a 
thyristor. This type of triggering also leads to destruction of the thyristor through high 
Junction temperature. 

4.6.2. Current Ratings 

4 thyristor is made up of semiconductor material, its thermal capacity is therefore quite 
small. Even for short overcurrents, the junction temperature may exceed the rated value and 
the device may be damaged. As the junction temperature is dependent on the current handled 
by a thyristor, a correct choice of current ratings is essential for a long working life of the 
device. In this part of the article, current ratings of SCRs are discussed for both repetitive 
and non-repetitive of current waveforms. 

Average e on-state current (J;,,). The forward voltage drop across conducting SCR is 
low, therefore power loss in a thyristor depends prim arily on forward average on-state current 
Iyqy- For the purpose of illustrating the significance of average on-state current, consider a 
continuous de current OA flowing through the SCR, Fig. 4.18 (a), After the application of this 
current at £=0, junction temperature begins to rise until finally it reaches its rated value 
T,= 125°C. As the SCR has low thermal time constant, final temperature of 125°C is reached 
in a relatively short time. Suppose now that anode current is of rectangular waveshape with 
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| oot, 
| conduction angle 180° =- ,. 369° as 
é : ; | | 21" Final temp. Ti = 125 “Cc 
| shown in Fig. 4.18 (6). If the rectangular Ble pete te ocecc Brees NS eeantatons 






Wave has average value equal to the 
constant current OA in Fig. 4.18 (a), then 
current amplitude of rectangular wave in 
Fig. 4.18 (6) is OC =2 times OA. As the SCR 
| has short time constant, junction oO | t 








Anode current 


temperature in Fig. 4.18 (6) is likely to 
exceed the allowable temperature of 125°C 





Temp. curve 
e ro 


and this is not desirable, In order to limit Pa 
the temperature to 125°C for rectangular , 
waveforms of anode current, the pulse 
amplitude must be reduced from OC to some 
| __ lower value OD (say). But a reduction in the 
_ amplitude of rectangular wave would result 
| in a lower value of average anode current. 
This means that for the temperature rise to 
remain within limits, SCR must be rated at 
a lower value of average forward current /2T =360° 
Tray When it is conducting a pulsed anode (b) 
current than when it is carrying a constant Fig. 4.18. Variation of junction temperature with 
dc. This shows that thyristor is derated constant anode current i, and with rectangular 
when it handles rectangular or square wave wave of i,. 
of anode current. The effect of conduction 
angle on anode current I;,y is depicted in Fig. 4.19 (a) for rectangular waves. The average 
on-state power loss P,,,, in this figure is approximately given by 





Conduction 
angle 





P,,, = (forward on-state voltage across a thyristor) x Ip,y 
It can be obtained more accurately from the relation 
k ron. 
Pay = 7 | (instantaneous voltage across SCR) (instantaneous current throu gh SCR) at 
where J =periodic time of the anode current waveform. 


_ The rms current for an SCR is constant whatever the conduction angle may be. But 
average current is given by (I,,,,/FF) where FF is the form factor of the current waveform. 
The conduction angle for sine wave is defined in Fig. 4.19 (b). For the same conduction angle, 
the form factor for sine wave is higher than, for the rectangular wave (see Examples 4.8 and 
4.9), This means that average current for sine wave will be lower than it is for the rectangular 
wave for the same dc (or rms) current. The derating of the SCR is therefore more for sine 
waves than for the square or rectangular waves. The effect of conduction angle on average 
currer tis depicted in Fig. 4,19 (6) for sine wave. For 180° conduction angle, the anode current 
m Fig. 4.19 (6) is less than that in Fig. 4.19 (a), This diagram is applicable for 1-phase 
half-wave circuit (or 1-phase one-way, one pulse circuit). ie 


| Curves shown in Fig. 4.19 are supplied by the manufacturers of thyristors and are valid 
for supply frequency range of 50 to 400 Hz. The curve marked de in Fig. 4.19 (a) is applicable 
when anode current is continuous de. The current for different conduction angles are 
terminated at different values of average current in Fig. 4.19. For exam ple, for 30° conduction 
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= 150 Cond. 
angle 





| 0 40 «BO 20 160 
Itay in A —e Itay nA —» 
(a) | (5) 
Fig. 4.19. Average on-state power dissipation P,,, as a function of Ipay for 
(a2) rectangular wave and (b) half-wave sinusoid. 

angle, Ip4y terminates at [J,./(form factor)] = (I,,/3.464) in Fig. 4.19 (a) for rectangular wave 
and at (J,,/3.979) in Fig. 4.19 (6) for sine wave. At these terminal points, maximum rms 
current ratings of the device is reached. Table 4.1 gives different values of form-factor for 
different conduction angles of the half-wave sine waveforms. 


Table 4.1. Form Factor for Sine Waves 


ee EEE 















Conduction angle 


Form. factor 1.5708 





Curves of Fig. 4.19 are applicable when load is purely resistive. In case load is inductive 
in nature, these curves should be modified. With an improvement in the waveform, i.e. with 
waveform becoming more smooth, the form factor decreases and as a consequence, higher 
average on-state current [p,4y can be handled by the device. 


RMS current (I,,,,). Heating of the resistive elements of a thyristor, such as metallic 
joints, leads and interfaces depends on the forward rms current J,,,, The rms current rating 
is used as an upper limit for constant as well as pulsed anode current ratings of the thyristor. 
Its value is equal to J, of Fig. 4.19 (a). The value of the rms forward current for an SCR 
remains the same for different conduction angles. Average current, however, is dependent on 
conduction angle as shown in Fig. 4.19, For example, for 180° conduction angle, the form 
factor for half-sine wave is n/2, therefore average current is 2 J,,/m or 2 1,,,./m. This means 
that for 180° conduction angle, thyristor circuit should be designed to carry an average current 
of 21,,,/n instead of J, ( or I,,,.). The derating of the SCR below the de value depends upon 
the current waveshape and it is defined as under : 

Te eon! 
SCR derating bel = =/,J1-= (4.3 
erating below de value =J,,- FF Ia. 1 FF (4.3) 
where FF is the form factor of the waveform. Its value is always more than one. 
Downloaded From : A MERU Cone net 


© Wiki Engineering ul.org 





Downloaded From : www.EasyEngineering.net 


Thyristors [Art. 4.6] 87 





For rectangular wave, FF is less as compared to its value for sine wave for the same 
conduction angle. Eq. (4.3) reveals that SCR derating below dc is less for rectangular wave 
than for the sine wave. The average current I,,, for other conduction angles can be computed 
as discussed above. 


The significance of I7p,y and I,,,, can be highlighted with an example. Suppose maximum 
rms current for a thyristor is 35 A. For 120° conduction angle for sine wave, I7y4y,= ae 
= 18.637 A. This means that thyristor can handle an average current of 18.637 A for 120° 
conduction angle and its temperature will remain within limits. Suppose an ammeter is 
placed in series with the SCR for measuring the average current, Now decrease the conduction 
angle to 30° but with average current as measured by the ammeter remaining unchanged at 
18.637 A. But an average current of 18.637 A at 30° conduction angle would require an rms 
current of /,,,, = 18.637 x 3.9812= 74.1976 A. But such a large value of rms current would 
cause large ohmic losses and is, therefore, certainly going to destroy the SCR. This shows 
that as conduction angle is reduced, J,4, must be lowered accordingly so that rms current is 
not exceeded beyond its rated value and the SCR is not damaged. 

The current ratings J,,) and J,,,, are of repetitive type. They are dependent on maximum 
junction temperature. If better cooling is provided to a thyristor body, these ratings can be 
upgraded. 

As stated above, power loss in a thyristor and its heating is dependent upon the rms 
current. Manufacturers also provide curves showing the variation of case temperature 7, with 
140/-— 
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Fig. 4.20. Maximum allowable case temperature T,,, as a function of I7,y for 
(a) rectangular wave and (5) for half-wave sinusoid. 
average on-state current I7,4, Fig. 4.20. These curves can be obtained from Fig. 4.19 provided 
9;. (thermal resistance between junction and thyristor case) in °C/W is known. If T; is the 
junction temperature, then 
Pipe toes Pa 

Por SCKRs, 7; is usually 125°C. Taking 6,,=0.15°C/W for de current of 200 A ; 

P,, = 300 W, from Fig. 4.19 (a), is obtained for Ipyy = 200 A. 


* For understanding the term thermal resistance read Art, 4.8. 
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f 125 - T,=0.15x 300 or T.=80°C 
This point is plotted in Fig. 4.20 (a) as A. For 80 A de, P,, = 100 W, 
125-T.=0.15«100 or T,=110°C 


This point is plotted as B in Fig. 4.20 (a). For 180° conduction angle, for Ip4,= 140 A, 


Pi. = 225 W from Fig. 4.19 (a). 


T. = 125 - 0.15 x 225 =91,25°C 


This point is plotted as C in Fig. 4.20 (a), Other points can be plotted accordingly for 
rectangular as well as half-wave sinusoids to obtain the curves of Fig. 4.20. These curves 
indicate that for junction temperature T; = 125°C, lower the average on-state current rays 
greater is the case temperature that can be allowed for the same conduction angle. For 
example, for sine wave with 180° conduction angle, for Ip4,= 120A the case temperature 
Tog = 91°C, ; for Ip4,= 80 A the case temperature Tm = 104°C and so on. 


c 

Surge Current Rating. When a thyristor is working under its repetitive voltage and 
current ratings, its permissible junction temperature is never exceeded. However, a thyristor 
may be subjected to abnormal operating conditions due to faults or short circuits. In order to 
accommodate these unusual working conditions, surge current rating of thyristors is also 
specified. A surge current rating indicates the maximum possible non-repetitive, or surge, 
current which the device can withstand. Higher currents caused by non-repetitive faults or 
short circuits should occur once in a while during the life span of a thyristor to prevent its 
degradation. 


Surge currents are assumed to be sine waves with frequency of 50, or 60, Hz depending 
upon the supply frequency. This rating is specified in terms of the number of surge cycles 
with corresponding surge current peak. Surge current rating is inversely proportional to the 
duration of the surge. It is usual to measure the surge duration in terms of the number of 
cycles of normal power frequency of 50 or 60 Hz. For example, a three-cycle surge current 
rating for a period of 60 msec (8 x 20 msec) for 50 Hz supply consists of three conducting 
half-cycles, each followed by an off-period. Three different surge current ratings are provided 





by the manufacturers ; as for example, Jp,,,= 3000 A for 5 cycle, I poy = 2100 A for 3 cycles 
and Trou = 18004 for 5 cycles. 


_ One cycle surge current rating is the peak value of allowable non-recurrent half-sine wave 
of 10 msec duration for 50 Hz. For duration less than half-cycle i.e. 10 msec, a subcycle surge 
current rating is also specified, This rating for 50 or 60 Hz supply is the peak value for a 
part of the half-sine wave, The subcycle surge current rating I, can be determined by equating 
the energies involved in one cycle surge and one subcycle surge as follows : 


I, : t= J . a 
or I ate (4.4 a) 
ah ¢ eT et 


where T= time for one half—cycle of supply frequency, sec 
J =one—cycle surge current rating, A 
J, = subcycle surge current rating, A 
t = duration of subcycle surge, sec 
For 50 Hz supply, T=10 msec 
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It rating. This rating is employed in the choice of a fuse or other protective equipment 
for thyristors. The rating in terms of amp”-sec specifies the energy that the device can absorb 
for a short time before the fault is cleared. It is usually specified for overloads lasting for less 
than, or equal to, one-half cycle of 50 or 60 Hz supply. The /’t rating is given by the relation. 


(rms value of one—cycle surge current )* x time for one cycle ..A4.5) 


As an example, I*t rating for 4 A(rms) SCR is 10 amp*-see and for 35 ASCR is 100 amp*-sec. 
In order that a fuse (or other protective equipment) protects a thyristor reliably, the /*t rating 
of fuse must be less than the J’ rating of the series-connected thyristor. 
_ di/dt rating. This rating of a thyristor indicates the maximum rate of rise of current 
from anode to cathode without any harm to the device. When a thyristor is turned on, 
conduction starts at a place near the gate. This small area of conduction spreads to the whole 
area of junction. If the rate of rise of anode current (di/df) is large as compared to the 
spreading velocity of carriers across the cathode junction, local hot spots will be formed near 
the gate connection on account of high current density. This causes the junction temperature 
to rise above the safe limit and as a consequence, SCR may be damaged permanently. 
Therefore, a limit on the value of di/dt at turn-on is specified in amperes per microsecond 
for all SCRs. Typical values of di/dt are 20 to 500 A/p sec. 

Other ratings. In addition to the voltage and current ratings of thyristors discussed 
above, there are some other ratings as under : 

(a) Latching and holding currents, 

(6) Turn-on and turn-off times, 

(c) Gate circuit voltage, current and power ratings. 

These ratings have already been discussed in Art. 4.1 to Art. 4.5. 

Detailed ratings of any SCR during on-state and off-state can be obtained from the 
manufacturers by quoting the specification sheet number. 

| Example 4.8. The specification sheet for an SCR gives maximum rms on-state current as 

do A, If this SCR is used in a resistive circuit, compute average on-state current rating for 
half-sine wave current for conduction angles of (a) 180° (b) 90° and (c) 30°. 

Solution. For half-sine wave of current as shown in Fig, 4.21 (a), 


SE | ake 5% 
law = On » sin@d@=— (1+ cos G,) 








a, 1/2 7a on 1/2 
I ahead, 2 2646) =| om }1 cos 26 
rms el, fo va i =o 
4 nm <1/2 
_|4m|9 _ sin 20 
ae nb 
i 
, 1/2 
2 ti m-O8, 1, By | 
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(a) For 180° conduction angle, 6, = 0° 


: I 
Lay = a (1 + cos 0°) == 


2 98 1/2 ; 
) Tt i | 
38 =| ce 0) a 


sad Te | 
Form factor, (FF)=-—@-— 4.2 


it 
I | 2 
tray = FF = aaa = 22.282 A 
(b) For 90° conduction angle, 6, = 90° 
7 I 
lov = 50 [1 + cos 90] =a 
1/2 
I nt 1 I 
Pied . an Tt a 
Form factor = Ne To as 
| jones 
Lray= 35 x V2 = 15.755 A 





(c) For 30° conduction angle, 6, = 150° 


I 
. Tqy = 5 [1 + (~ 0.866)] = 0.0213227 I, 


L/2 
os 866} = 0,0849035 I,, 






a. CD) 
Fig. 4.21. Pertaining to (a2) Example 4.8 and (b) E 


xample 4.9. 
0.0849035 J. 
Form factor 2 


= 0.02132271,, ~ ° 318869 
Rl ant 
Inay = 3 Ga 9q = 8:7899 A. 


Example 4.9, Repeat Example 4.8 in case the current has rectangular waveshape. 
Solution. For the rectangular waveform of current shown in Fig. 4.21 (6), 


Conduction ar = — w 36) a *, ; 

onduction angle nT * 360 Vigw tei 4 
i Yo 
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360° 
Br ~ Conduction angle 
Here re gia: - 
1/2 
| Poet af 
trms =| AP ~ An 
(a) For 180° conduction angle, n = aa 2 
I I 


Igy = AD Tyme =e 


im, bX 


Form factor = ae = 2 


Inay= Je = 24.7487 A 


(b) For 90° conduction angle, n= _ = : 
I Rit AF 
lav =] and Ens = Jy = 5 
Form facto =5 422 
Itay= = =17.5 A 
| Kt tw oo 360 
(c) For 30° conduction angle, n= 19 = 12 
I I 
ie = 12 and i-. = V12 
Form factor = 2 . = = 712 


Iray= Se = 10. 1036 AL 


Example 4.10. An SCR has half-cycle surge current rating of 3000 A for 50 Hz supply. 
Calculate its one-cycle surge current rating and I°t rating. 

Solution. Let J and/,, be the one-cycle and sub-cycle surge current ratings of the SCR 
respectively. Then equating the energies involved in them, we get 


Pr=F.,..t 
2 “ : _ 3000 _ 129139 A 
or I «00 (3000)° Xan or f=" 2121.3 
2 
a I 2 1 _ (3000 Hs | 2 
From Eq. (4.5), I’t rating = 1° x ae a X00 45000 Amp* - sec 


Thus the SCR has one-cycle surge current rating of 2121.32 A and Ft rating of 
45000 amp’-sec. 
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| Example 4.11. In the circuit of Fig. 4.22, the thyristor is gated 
with a pulse width of 40 microsec. The latching current of thyristor 
is 36 mA, For a load of 60 Q and 2 H, will the thyristor get turned 
on Check. If the answer is negative, how this difficulty can be 7 agony 






Pe = _ 


=i 


overcome for the given load, Find the maximum value of the 
remedial parameter shown dotted. i 
Solution. The current through load and thyristor is i 
iov= Vs 1 ee Fig. 4.22. Pertaining to 
YR Example 4.11. 
for the circuit show: - _ 300 / Ny ax1y *) = 2 ee, 


This shows that for a pulse width of 40 us, the anode current rises to 5 ich i 
au , the anode ci ss to 5.996 mA wh 
far less than 36 mA. So thyristor will not get turned on. Saas 
The remedial parameter, shown dotted in Fig. 4.22, should be resistance, say A, because 
current can rise in resistance without any time delay. The value of R, can be obtained as 
under : | | 
. -3 3800 300 a 
ip= 36x 10 9 =~ 4 == (1 — ¢ 9.001 
T 0 R, + 60 (l-e 2) 
_ 800 
~ 30,004 
Example 4.12, During forward conduction, a thyristor has static V-I characteristic as 
shown by a straight line in Fig. 4.23. Find the average t. 
power loss in the thyristor and its rms current rating for 
the following load conditions : | 
(a) A constant current of 80 A for one-half cycle, 100 Ap -—---—-==——--- ff 
(6) A constant current of 30 A for one-third cycle, 
(c) A half-sine wave of peak value 80 A. 
Solution. It is seen from Fig. 4.23 that for any 
current z,, the voltage drop across thyristor is 


2.0-0.8 . 
Ur = 0.8 + —j00 x1, =0.8+ 0.0121, 


x 10° = 99982 =9,998kO. 





or R 1 






a a ee ee ee 








0.48V 2.0V Vo 


(a) Constant current of 80 A for one-half cycle is 
shown in Fig. 4.24 (a). For i,=80 A, the voltage drop Fig: 4.23. Pertaining to Example 4.12. 
across thyristor is vp = 0,8 + 0.012 x 80 = 1.76 V. From the waveforms of l,, Up Shown in Fig. 
4.24 (a), the average on-state power loss in thyristor is 


1 T/2 | 
==), Up-t, dt 


1.76 x 80 x T 


1 T/e | 
=a), 1.76x80dt= or = 70.4 W 


Waveform of i, gives the rms current rating of thyristor as 
“xT 





or = 56.577 A 
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UT 





TT 2m wt 
a (@) (b) 
Fig. 4.24. Current and voltage waveforms pertaining to Example 4.12. 
(b) Here vr =0,8+ 0,012 x 30=1.16 V 
1.16x 30x T 
Rarer TW 


Rms current rating =30x oie 17.321 A 


(c) Half-sine wave of peak value of 80 A, Fig. 4.24 (6), can be expressed as 
iL, = 80 sin we. 


vp =0.8 + 0.012 x 80 sin of = 0.8+ 0.96 sin wt 
From the waveforms for 1, and vy shown in Fig. 4.24 (b), the average on-state power loss 
is given by 
Lf Pn oe | 
Poy = On Jo (0.8 + 0.96 sin wr) (80 sin wt) d(we) 


Lt? ‘ | 1 ;* 73 ‘ 
=> J, 64 sin ut -d(at) +3~ J, 76.8 sin” ot « d(at) 








“a EE IE sin 2 wt |" 
=5- x 64 |-cos wtl | + wt > 
= 20.872+ 19.2 =39.572 W 
Bee ne Imax 80 _ 
Rms current rating Blige Sagi 40 A. 


4.7. THYRISTOR PROTECTION 


Reliable operation of a thyristor demands that its specified ratings are not exceeded. In 
practice, a thyristor may be subjected to overvoltages or overcurrents. During SCR turn-on, 
di/dt may be prohibitively large. There may be false triggering of SCR by high value of 
dv/dt. A spurious signal across gate-cathode terminals may lead to unwanted turn-on. A 
thyristor must be protected against all such abnormal conditions for satisfactory and reliable 
operation-of SCR circuit and the equipment. SCRs are very delicate devices, their protection 
against abnormal operating conditions is, therefore, essential. The object of this section is to 
discuss various techniques adopted for the protection of SCRs. 
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(a) di/dt protection, When a thyristor is forward biased and is turned on by a grate pulse, 
conduction of anode current begins in the immediate neighbourhood of the gate-cathode 
junction, Fig. 4.6 (a), Thereafter, the current spreads across the whole area of junction. The 
thyristor design permits the spread of conduction to the whole junction area as rapidly as 
possible. However, if the rate of rise of anode current, i.e. di/dt, is large as compared to the 
spread velocity of carriers, local hot spots will be formed near the gate connection on account 
of high current density. This localised heating may destroy the thyristor. Therefore, the rate 
of rise of anode current at the time of turn-on must be kept below the specified limiting value. 
The value of di/dt can be maintained below acceptable limit by using a small inductor. called 
di/dt inductor, in series with the anode circuit. Typical di/d?t limit values of SCRs are 20-500 
eee The method of determining inductance of di/dt inductor is illustrated in Example 

Local spot heating can also be avoided by ensuring that the conduction spreads to the 
whole area as rapidly as possible. This can be achieved by applying a pate current nearer to 
(but never greater than) the maximum specified pate current, 

_ (6) dv/dt protection. With forward voltage across the anode and cathode of a thyristor, 
the two outer junctions are forward biased but the inner junction is reverse biased. This 
reverse biased junction J,, Fig. 4.3 (6), has the characteristics of a capacitor due to charges 
existing across the junction. In other words, space-charges exist in the depletion region around 
junction J, and therefore junction J, behaves like a capacitance. If the entire anode to cathode 
forward voltage V, appears across J, junction and the charge is denoted by Q, then a charging 
current ¢ given by Eq. (4.6) flows : 





b= at at cr Va) 
dV. dC, 
C, ae t \ = (4.6 a) 
As Cj, the capacitance of junction J,, is almost constant, the current is given by 
Aes eV , 
:= C; di (4.6 6) 


If the rate of rise of forward voltage dV,/dt is high, the charging current i will be more. 
This charging current plays the role of gate current and turns on the SCR even when gate 
signal is Zero, Such phenomena of turning-on a thyristor, called du/dt turn-on must be avoided 
as it leads to false operation of the thyristor circuit. For controllable operation of the thyristor, 
the rate of rise of forward anode to cathode voltage dV,/dt must be kept below the specified 
rated limit. Typical values of dv/dt are 20 —- 500 V/psec. False turn-on of a thyristor by large 
du/dt can be prevented by using a snubber circuit in R Cs 
parallel with the device. y 

4.7.1. Design of Snubber Circuits 

A snubber circuit consists of a series combination of = 


resistance A, and capacitance C, in parallel with the f=“ © 
thyristor as shown in Fig, 4,25, Strictly speaking, a 


capacitor C, in parallel with the device is sufficient to \, 
prevent unwanted dv/dt triggering of the SCR. When |* 
switch S is closed, a sudden voltage appears across the 4 — 
circuit. Capacitor C, behaves like a short circuit, ——— | 
Fig. 4.25. Snubber circuit across SCR. 







Discharge 
current 
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therefore voltage across SCR is zero. With the passage of time, voltage across C. builds up 
at a slow rate such that du/dt across C, and therefore across SCR is less than the specified 
maximum du/dt rating of the device. Here the question arises that if C, 1s enough to prevent 
accidental turn-on of the device by du/dt, what is the need of putting R, in series with C, ? 
The answer to this is as under. | 

Before SCR is fired by gate pulse, C, charges to full voltage V,. When the SCR is turned 
on, capacitor discharges through the SCR and sends a current equal to 
V,/ (resistance of local path formed by C, and SCR). As this resistance 1s quite low, the 
turn-on di/dt will tend to be excessive and as a result, SCR may be destroyed. In order to 
limit the magnitude of discharge current, a resistance R, is inserted in series with C, as 
shown in Fig. 4.25. Now when SCR is turned on, initial discharge current V,/R, is relatively 
small and turn-on di/dt is reduced. 

In actual practice ; R,, C, and the load circuit parameters should be such that dv/dt across 
C, during its charging is less than the specified du/dt rating of the SCR and discharge current 
at the turn-on of SCR is within reasonable limits. Normally, R, C, and load circuit parameters 
form an underdamped circuit so that du/dt is limited to acceptable values. 

The design of snubber circuit parameters is quite complex. Here only an approximate 
method of their calculation is presented in Example 4.13, In practice, designed snubber 
parameters are adjusted up or down in the final assembled power circuit so as to obtain a 
satisfactory performance of the power electronics system. 

Example 4.13. Fig. 4.26 (a) shows a thyristor controlling the power in a load resistance 
R,. The supply voltage ts 240 V dc and the specified limits for di/dt and du/dt for the SCR 
are 50 A/\isec and 300 V/usec respectively. Determine the values of the di/dt inductance and 
the snubber circuit parameters R, and C,,. 


s-oee-s==-—=-4 Snubber 
an lh CUE 





(a) (5) | eae 
Fig. 4.26, (a) Thyristor in series with Ry (b) Thyristor protection with L and &,, C, ‘\ 
(c) Equivalent circuit of Fig. 4.26 (6) at the instant switch S is closed. 


Solution. Snubber circuit parameters R, and C, are connected across SCR and di/dt 
inductor Z in series with anode circuit as shown in Fig. 4.26 (6). When switch 5 is closed, the 
capacitor behaves like a short circuit and SCR in the forward blocking state offers a very 
high resistance. Therefore, the equivalent circuit soon after the instant of closing the switch 
S is as shown in Fig. 4.26 (c), For this circuit, the voltage equation is 





mast 7 di -" 
V,=(R,+Rp)t+k dt (4.7 a) 
Its solution gives, i=I(1-e”) 
; [=- Me and t= ith 
where ‘Roma R, +R, 
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_ In Eq. (4.7 a), t is the time in seconds measured from the instant of closing the switch. 
From this equation, . 





Gt 7 gt 1 Vs paige 
dt ~ The he 1 oe 
V; —f/T 
= Tee 


The value of di/dt is maximum when f= 0. 


ai S 
dt 7 
LEE 


or L 


SLs 


(4.7 Bb) 


© Vo OAK A08F 
(di/df),. 50 


The voltage across SCR is given by, v,=R, -i 


= 4.8 uH 





, du, di 
8 dt ~* dt 





du, | di) 
- “a lor (a - (4.8) 


From Eq. (4.7 6) and (4.8), 








du, _#,-V;, 
dt | as L . (4,9) 
| L (dv, 48 
or _ Onn ae 
Ke ae 540 * 300=62 


The circuit of Fig. 4.26, consisting of R, L, C, should be fully analysed to determine the 
optimum values of snubber circuit parameters R,, C,. The analysis of this circuit shows that 
resistance R, can be obtained from the relation [9] 


R,=2\/= 
sf 


where € is the damping factor (or damping ratio). In order to limit the peak voltage suet 
across thyristor to a safe value, damping factor in the range of 0.5 to 1 is usually used. For 
optimum solution of the problem, E is taken to be about 0.65. 
pa o & 2 
C,= | L= egal x 4.8x 107° = 0.2253 uF 
| A, 

It is seen from Fig. 4.26 (b) that when switch S is closed, capacitor C, is charged to dc 
supply voltage before the SCR is triggered. Now when the SCR is turned on, capacitor C, will 
discharge a maximum current of V,/R, and total current through thyristor will be 
(V,/, + V,/R,). It should be ensured that this current spike is less than the peak repetitive 
current rating (I7pp),) of the SCR, Thus if R, is small, the current spike contributed by the 
discharge of C, will be large. In order to reduce this spike, R, is normally taken greater than 
what Is required to limit du/dt. At the same time, value of C, is also reduced so that energy 
stored in C, is small and the snubber discharge does not harm SCR when it is turned on. 
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Thus, in the present case, R, may be chosen somewhat higher than 69, say 102 and C, 
somewhat less than 0.2253 uF, say 0.15 pF. The adoption of the new value of R, demands a 
new value of L. From Eq. (4.9), 


b= ae dj)" son 7 OE 
This value of inductance is more than that required to limit di/dt to 50 A/ sec. 
For ac circuits, maximum value of input voltage (V,,) can be used in Eq. (4.9) for computing 
R,. 
Example 4.14. A thyristor operating from a peak supply voltage of 400 V has the following 
specifications : 
du 


de = 200 V/s. 


Repetitive peak current, I= = 200 A, (dt/dt),,.. = 50 A/|[Is, eae 












Choosing a factor of safety of 2 for I p| aq Z|, and F , design a suitable snubber circuit. 
|The minimum value of load resistance is 10 Q. 


_ Solution. For a factor of safety of 2, the permitted values are 1, = 200-1004, 


Bl” e = = 25 A/us, (dv/dt),.. = a = 100 V/us. 


com! 


tn order to restrict the rate of rise of current beyond specified value, (di/d¢) inductor must 
be inserted in series with thyristor. From et 4,13, 


IES dv) _16x10°° 100 _ ot 
Ray. ee” 400 “0 ee 


‘efore thyristor is turned on, C, is charged to 400 V, When thyristor is turned on, the 
sak nt through the thyristor is 


400, 400 _ | 
10% 4 7 1404. 


As Oe peak current through SCR is more than the permissible peak current of 100 A, 
eg ie of R, must be increased. Taking R, as 8 Q, the peak current through the SCR 


400 , a0 =90 A, less than the allowable peak current. So choose R,=8 2. 









et) 
a ; j 1 
Also. C,= ta L= 22) x 16 x 10° ° = 0.4225 uF 
# 


: he value of C, may be lowered as discussed in the previous example, so C, may be taken 
).30 uw 
he ‘inst ant switch S is closed, Fig. 4.26, thyristor is open circuited and current through 
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~~ Gt VG 
C; at = i, + Rr 
, 1-6 GU _ 400 
or 0.310 dt 1048 
or GU aa Fe — Th VI 8 


dt 18 03x 10-° 
since designed value of (dv/dt) is less than the specified maximum value of 100 V/s, 
value of C, chosen is correct. So choose L = 10 pH, R,=8 Q and C,=0.3 pF. 


Example 4.15. Thyristor shown in Fig. - tH 
4,26 (i) has I’t rating of 20 A*s. If terminal A C—+—>F§-v 
gets short-circuited to ground, calculate the 
fault clearance time so that SCR is not 
damaged. 

Solution. The worst possible fault 
current should be considered for calculating ia 
the fault clearance time. Maximum fault Pig. 4.26.(1) Pertaining to Example 4.15. 
current occurs when source voltage is at its peak =230V2 V. When terminal A gets 





1 





short-circuited to ground, the resistance offered to source = 1+ i * = 21/119. Assuming 
maximum fault current = BOVE et ee A to remain constant during the short clearance time 


t., we get 
[ce at fe = - Ave aot 


an '||___ad | 1 tS 
t.= 20 a5 D x ail * 1000 ms = 0.6892 ms. 


4,7,.2. Overvoltage Protection 

Thyristors are very sensitive to overvoltages just as other semi-conductor devices are. 
Overvoltage transients are perhaps the main cause of thyristor failure. Transient overvoltages 
cause either maloperation of the circuit by unwanted turn-on of a thyristor or permanent 
damage to the device due to reverse breakdown. A thyristor may be subjected to internal or 
external overvoltages ; the former is caused by the thyristor operation whereas the latter 
comes from the supply lines or the load circuit. 

(1) Internal overvoltages, Large voltages may be generated internally during the 
commutation of a thyristor. After thyristor anode current reduces to zerp, anode current 
reverses due to stored charges. This reverse recovery current rises to a peak value at which 
time the SCR begins to block. After this peak, reverse recovery current decays abruptly with 
large di/dt. Because of the series inductance L of the SCR circuit, large transient voltage 

di 
LL ti is produced. As this internal overvoltage may be several times the breakover voltage of 
the device, the thyristor may be destroyed permanently. 

(tt) External overvoltages. External overvoltages are caused due to the interruption of 
current flow in an inductive circuit and also due to lightning strokes on the lines feeding the 

t. thyristor systems, When a thyristor converter is fed through a transformer, voltage transients 
are likely to occur when the transformer primary is energised or de-energised. Such 
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_ a 
overvoltages may cause random turn on of a thyristor. As a result, the overvoltages may 
appear across the load causing the flow of large fault currents, Overvoltages may also damage 
the thyristor by an inverse breakdown. For reliable operation, the overvoltages must be 
suppressed by adopting suitable techniques. 


4,7.2.1. Suppression of overvoltages. In order to keep the protective components to a 
minimum, thyristors are chosen with their peak voltage ratings of 2.5 to 3 times their normal 
peak working voltage. The effect of overvoltages is usually minimised by using RC circuits 
and non-linear resistors called voltage clamping devices. 


The RC circuit, called snubber circuit, is connected across the device to be protected, see 
Fig. 4,29. It provides a local path for internal overvoltages caused by reverse recovery current. 
Snubber circuit is also helpful in damping overvoltage transient spikes and for limiting 
du/dt across the thyristor. The capacitor charges at a slow rate and thus the rate of rise of 
forward voltage (dv/dt) across SCR is also reduced. The resistance R, damps out the ringing 
oscillations between the snubber circuit and the stray circuit inductance. Snubber circuits 
are also connected across transformer secondary terminals to suppress overvoltage transients 
caused by switching on or switching off of the primary winding. As snubber circuits provide 
only partial protection to SCR against transient overvoltages, thyristor protection against 
such overvoltages must be upgraded. This is done with the help of voltage-clamping devices. 







Cc 
= 
ff 
— 
re 


C 







Peak fault 
current cs 
without any J. 


Current and Resistance 


Ec — # 
5 fuse “ov \ 
5 ‘ 
a) 1 
\ 
", 
‘ 
Voltage ~Peak let 
through 
current 







=o a ee es oe 


O  Meiting|. Arcing 
ine “time, tq — 

Clearing time —* 

(a) | (5) ; 
Fig. 4.27. (a) Volt-ampere and volt-resistance characteristics of voltage-clamping device 
(6) Action of current-limiting fuse in an ac circuit. 

A voltage-clamping (V.C.) device is a non-linear resistor connected across SCR as shown 
in Fig. 4.29. The V.C. device has falling resistance characteristic withincreasing voltage, Fig. 
4.27 (a), Under normal working conditions of voltage below the clamping level, the device has 
a high resistance and draws only a small leakage current, When a voltage surge appears, the 
V.C. device operates in the low resistance region and préduces a virtual short circuit across 
the SCR. The increased current associated with virtual short circuit produces-an increased 
voltage drop in the source and line impedances and as a result, voltage across SCR is clamped 
to a safe value. After the surge energy is dissipated in the non-linear resistor, the operation 
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of the V.G, device returns to its high resistance region. Selenium thyrector diodes, metal oxide 
varistors or avalanche diode suppressors are commonly employed for protecting the thyristor 
circuit against overvoltages. As the voltage clamping ability of a thyrector | is inferior to those 
of metal oxide varistor and avalanche-diode suppressor, use of thyrector is on the decline. 

It has already been stated that RC snubber is not enouth for overvoltage protection of 
SCR. In practic, therefore, a combined protection consisting of RC snubber and V.C. device 
is provided to thyristors as shown in Fig. 4,29. 


4.7.5, Overcurrent Protection 


Thyristors have small thermal time constants. Therefore, if a thyristor is subjected to 
overcurrent due to faults, short circuits or surge currents ; its junction temperature may 
exceed the rated value and the device may be damaged. There is thus a need for the 
overcurrent protection of SCRs. As in other electrical systems, overcurrent protection in 
thyristor circuits is achieved through the use of circuit breakers and fast-acting fuses as 
shown in Fig, 4.29. 

The type of protection used against overcurrent depends upon whether the supply system 
is weak or stiff. In a weak supply network, fault current is limited by the source impedance 
below the multi-cyele surge current rating of the thyristor. In machine tool and excavator 
drives, if the motor stalls due to overloads, the current is limited by the source and motor 
impedances. The filter inductance commonly employed in de and ac drives may limit the rate 
of rise of fault current below the multicycle surge current rating of the thyristor. For all such 
systems, overcurrent can be interrupted by conventional fuses and circuit breakers. However, 
proper co-ordination is essential to guarantee that (7) fault current is interrupted before the 
thyristor is damaged and (iz) only faulty branches of the network are isolated. 

Conventional protective methods are, however, inadequate in electrical stiff supply 
networks. In such systems, magnitude and rate of rise of current is not limited because source 
has negligible impedance. As such, fault current and therefore junction temperature rise 
within a few milliseconds. Special fast-acting current-limiting fuses are, therefore, required 
for the protection of thyristors in these stiff supply networks. 

The operation of fast-acting current-limiting fuse is illustrated in Fig. 4. 27 (6). These fuses 
and thyristors are found to have similar thermal properties, there co-ordination is therefore 
simpler. The current-limiting fuse consists of one or more fine silver ribbons having very short 
fusing time. In Fig. 4.27 (5), fault is shown to occur at zero crossing of the ac sine wave, i.e. at 
¢=0. Without fuse, the fault current would rise upto A and then would follow dotted curve, A 
properly selected current limiting fuse melts at.A. An are is then struck. Fora brief interval after 
A, the current continues to rise depending upon the circuit parameters and the fuse design. This 
current reaches a peak value, called peak let through current, which is indicated by point B im 
Fig. 4.27 (6). Note that peak let through current is considerably less than the peak fault current 
without. the fuse, the latter is indicated by point D. After the point B, arc resistance increases 
and fault current decreases. At point C, arcing stops and the fault current is cleared. The total 
clearing time #, is the sum of melting time ?,, and arcing time #,, t.e. ¢, =#,, + f,. 

Proper co-ordination between fast-acting current-limiting fuse and thyristor is essential. 
A fuse carries the thyristor current ag both are placed in series. Therefore, the fuse must. be 
rated to carry full-load current plus a marginal overload current for an indefinite period, But 
the peak let through current of fuse must be less than the subcycle surge current rating of 
the SCR. The voltage across the fuse during arcing period is known as arcing, or recovery, 
voltage. This voltage is equal to the sum of source voltage and the emf induced in the circuit 
‘tet during arcing time ¢,. If the fuse current is interrupted abruptly, induced e.m_f. 


Le ; ~ may be high ; as a result arcing voltage would be excessive. It should therefore be ensured 


D F .EasyEng1 ing. 
© Wiki Engineering ppiplowced Frpeie maaiadeary Danang oa 


Downloaded From : www.EasyEngineering.net 


Thyristors _fArt.4,7] 101 





during fuse design and co-ordination that arcing voltage is limited to less than twice the peak 
supply voltage. In case voltage rating of the fuse is far in excess of circuit voltage, an abrupt 
current interruption would lead to dangerous overvoltages. 

When both circuit breaker and fast-acting current-limiting fuse are used for overcurrent 
protection of SCR, Fig. 4.29, the faulty circuit. must be cleared before any damage is done to 
the device. A circuit breaker has long tripping time, it is therefore generally used for 
protecting the semiconductor device against the continuous overloads or against surge 
currents of long duration. A fast-acting C.L. fuse is used for protecting thyristors against 
large surge currents of very short duration. The tripping time of the circuit breaker, the 
fusing-time of the fast-acting fuse must be properly co-ordinated with the rating of a thyristor. 
In order that fuse protects the thyristor reliably, the J*t rating of the fuse must be less than 
that of the SCR. 

Electronic crowbar protection. As thyristor possesses high surge current capability, 
it can be used in an electronic crowbar circuit for overcurrent protection of power converters 
using SCRs. An electronic crowbar protection provides rapid isolation of the power converter 
before any damage occurs. Main 

Fig. 4.28 illustrates the basic principle 
of electronic crowbar protection. Acrowbar + 
thyristor is connected across the input dc Crowbor 
terminals, A current sensing resistor thyristor 
detects the value of converter current. If it 
exceeds preset value, gate circuit provides 
the signal to crowbar SCR and turns it on 
in afew microseconds. The input terminals 
are then short-circuited by crowbar SCR 
and it shunts away the converter Current sensing resistor 
overcurrent, The crowbar thyristor current Fig. 4.28. Elementary electronic crowbar circuit. 
depends upon the source voltage and its 
impedance. After some time, main fuse interrupts the fault current. The fuse may be replaced 
by a circuit breaker if SCR has adequate surge current rating. 


4.7.4. Gate Protection 


Gate circuit should also be protected against overvoltages and overcurrents. Overvoltages 
across the gate circuit can cause false triggering of the SCR, Overcurrent may raise junction 
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C.B.Circuit breaker ; F.A.C.L.F.—Fast acting current limiting fuse ; H.S—Heat sink ; Z2D—Zener diode. 
Fig. 4.29. Circuit components showing the thyristor protection. 
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temperature beyond specified limit leading to its damage. Protection against over-voltages 1s 
achieved by connecting a zener diode ZD across the gate circuit. A resistor A, connected in 
series with the gate circuit provides protection against overcurrents. 

A common problem in thyristor circuits is that they suffer from spurious, or noise, firing. 
Turning-on or turning-off of an SCR may induce trigger pulses in a nearby SCR, Sometimes 
transients in a power circuit may also cause unwanted signal to appear across the gate of a 
neighbouring SCR. These undesirable trigger pulses may turn on the SCR leading to false 
operation of the main SCR. Gate protection against such spurious firing is obtained by using 
shielded cables or twisted gate leads. A varying flux caused by nearby transients cannot pass 
through twisted gate leads or shielded cables. As such no e.m.f. is induced in these cables 
and spurious firing of thyristors is thus minimised. A capacitor and a resistor are also 
connected across gate to cathode to bypass the noise signals, Fig. 4.29. The capacitor should 
be less than 0.1 .F and must not deteriorate the waveshape of the gate pulse. 


Example 4.16. For the circuit shown in Fig. ee otue 


ae eee! 
y 


(a) calculate the maximum values of di/dt and 
{2.230 sin 314t 










du/dt for the SCR, 
(&) find the rms and average current ratings of ~~ 
the SCR for firing angle delays of 90°and 150° and ' 
(c) suggest a suitable voltage rating of the SCR. 
Solution. (a) From Eq. (4.7), 





as | Fig. 4.30. Pertaining to Example 4.16. 
di) _{Vs 
dt) |i 
= 12-230 _ 91 685 A/ysec. 
15 x 10 
From Eq, (4.8), Fl =m a = 10 x 21.685 = 216.85 V/usec. 


(6) For 15 pH, X, = 314 15x 10 ° =0.00471Q. As this value of X, is much lower than 
R=2Q, the current is primarily limited by 2 Q. 
V2 « 230 

2 

For firing angle delays of 90° and 150°, the conduction angles are 90° and 30° respectively 

and from Example 4.8, the respective values of form factors are m/V2 and 3.98184. 


v2 1162 =73.211A 


=115-V2 


fms 





.. For firing angle delay of 90°, Ipay= 


and for firing angle delay of 150°, Zpay= v2 116 = 40.844 A 


RMS current rating of the thyristor is 115V2 = 162.634 A for any conduction angle, but 
average currents are 73.211 A for conduction angle of 90° and 40.844 A for conduction angle 
of 30°. 

(c) Voltage rating of the SCR = (2.5 to 3) times the peak working voltage 

= (2.5 to 3) x V2 - 230 = 813.173 V to 975.807 V, 

So a voltage rating of about 900 V may be chosen for the SCR. 
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Example 4.17. For the circuit shown in Fig. 4.31 (a), the initial voltage across capacitor 
is v, (0) =— 100 V. Sketch the time variations of i, vz, Vg, ip and i, after the thyristor ts turned 


on att=0. ‘ 
| Solution. When the thyristor is a on at f= 0, the voltage equation for the circuit is : 
a pe aot Cc ¥ | iat = v, 


| 


its Laplace transform is 


sL -I(s)+—5 si > coe) Ys 


5 


C 


or 





(a) (b) 
Fig. 4.31. a sing to Example 4.17. 
Its Laplace inverse 1s u(t) = “ta sin @¢ where W)= fa 
yb = 300 cos wot 


Uo = V, — uz = 200 — 300 cos Mot 
The current and voltage waveforms are as shown in Fig. 4.31 (6). At m/2, uv, tends to 
reverse and as a result, diode D gets forward biased and current i, starts flowing through 
D as ip - v;, is therefore zero from 7/2 to x. Voltage v, remains 200 V and current zero from 
n/2 tor as shown in Fig. 4.31 (5). 
48. HEATING, COOLING AND MOUNTING OF THYRISTORS 
Some power loss occurs in a thyristor during its working. The various components of this 
power loss in the junction region of a thyristor are as under : 
(i) Forward conduction loss 
(ii) Loss due to leakage current during forward and reverse blocking 
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(tz) Switching losses at turn-on and turn-off 
(tv) Gate triggering loss 

At industrial power frequencies between zero and 400 Hz, the forward conduction loss, 
or on-state conduction loss, is usually the major component. But switching losses become 
dominant at high operating frequencies. These electrical losses produce thermal heat which 
must be removed from the junction region, The thermal losses and hence the temperature 
rise of the device increase with the thyristor rating. The cooling of thyristors, therefore, 
becomes more difficult as the SCR rating increases. 

The heat produced in a thyristor by electrical loss is dissipated to ambient fluid (air or 
water) by mounting the device on a heat sink. When heat due to losses is equal to that 
dissipated by the heat sink, steady junction temperature is reached. Thyristor heating and 
hence its junction temperature rise is dependent primarily on current handled by the device 
during its working. As such, current rating of thyristors is often based on thermal 
considerations. 

4.8.1. Thermal Resistance 
| Thermal energy, or heat, flows from a region of higher temperature to a region of lower 
temperature. This is similar to the flow of current from higher to lower potential in an electric 
circuit, There is thus an analogy between thermal-power flow and current flow as given in 
tabular form below : 


Thermal quantities 
Heat, J or We | 
Temperature difference, °C 
Thermal power, or rate of heat transfer, W 
Thermal resistance, °C/W 


Electrical quantities 
Charge, C or As . 
Potential difference, V 
Current, or rate of charge transfer, A 
Electrical resistance, V/A or ohms. 





eo bop 





1. 
2. 
a. 
4. 





It is seen from above that thermal resistance, analogous to electrical resistance, is the 
resistance offered to thermal power flow. Thermal resistance is denoted by 9. If power loss, 
Py In watts, causes the temperature of two points to be at T, °C and T, °C where T; > T,, 
then thermal resistance is given by 





T, -T. , 
855 2 : °C/W ..-(4.10) 
ay 
7 The heat generated in a thyristor due to internal losses is taken to be developed at a 
junction within the semiconductor material, The heat flow in a thyristor is then as under : 
() from the junction to thyristor case ; 
(zz) from the thyristor case to heat sink and 
(tz) from the heat sink to the surrounding ambient fluid (air or water). 


There is thus thermal resistance 0. between J) Te 1s Ta 
junction temperature T; and case temperature T.. J EN tS ear 
Similarly, there is thermal resistance 0., between T', 
and sink temperature T, and 6,, between IT, and | 
ambient temperature T,. Using the electrical analogy, 
a thermal equivalent circuit depicting the flow of heat 
from junction to ambient fluid can be drawn as shown Fig. 4.32. Thermal equivalent circuit 

for an SCR. 
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in Fig. 4.32. Here P,, is the average rate of heat generated at a thyristor junction and is 
analogous to constant-current source. Here mn 
T;-T, T,-T, _Ts-Ta 














P ay 0; 6. O.4 
—B-T (4,11) 
; 8 
where ja = Bie + Bes + Fea, 


is the total thermal resistance between junction and ambient. 

. The junction-to-case thermal resistance 9), 1s specified in the thyristor data sheet. The 
case-to-sink thermal resistance 6,, depends on the size of the device case, flatness of the case 
: marie. the clamping pressure and the use of conducting grease between the Te ve 
value of 0., varies between 0.05°C/W and 0.5°C/W. In addition to Ojer thyristor ate : ae 
also specify 0., assuming correct installation procedure and use of the interface therm: 
Jubrication, The sink-to-ambient thermal resistance 0,4 is independent of the thyristor 
‘confi guration. The parameters on which 6,4 depends are heat sink material, surface area and 
finish of the heat sink, volume occupied by heat sink and the type of cooling (air cooling or 
water cooling). For naturally cooled heat sink, 0,, may be equal to 0.5°C/W and this value 
wo ild be lower for better cooled heat sinks. | ; 

‘ The difference in temperature between junction and ambient can be written from Fig. 
4.392 as 








T,- Ta =Pau(Oe+ Oc * On) ie 
‘Eq, (4.12) shows that for maximum value of T; (= 126°C), P,, can be increased by reducing 
§,, This means that by providing efficient cooling system to the SCR, the power dissipation 
sapability of the device can be increased. 
48.2. Heat Sink Specifications 
ro the thyristor data sheet specifies maximum junction temperature Ty, thermal resistances 
A ‘n d6., The manufacturers of heat sinks provide catalogs in which sufficient data on heat 
| ink is evailable. Fig. 4.32 gives typical data in the form of curves for standard heat sinks of 
; 1007>—— . 


BOF 
t 
e | Curve Sink dimensions(cms) 
£ / (ff ff? | G@i-------- 32% 10% 7.5 
= Or SLA oe boven ee TON 12.5 
; Aft fo g--e--- <= 10210210 
? 


pao-—---= 10 10% 10 
Jeenaaasee= (55218. 5422.5 






5 40 80. 120. «+160 200 240 280 320 360 
7 Py in watts —= 


Fig. 4.33. Standard heat sink ratings of aluminium extrusions. 
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aluminium extrusions. These curves relate temperature difference (T',—7',) in °C between 
heat sink and ambient versus average power dissipation P,,, in watts. 

in order to illustrate the use of these curves, choose a particular heat sink and read P,, 
and (JT, -— T,). Then the thermal resistance of the heat sink to ambient is calculated as 


T,-T. 


au 


(4.13) 





For maximum specified temperature T; (usually 125°C) and a known ambient 
temperature T, the permisstble value of P,, (with 6, and @., already known) is calculated 
from Eq. (4.12) with 0,, computed from Eq. (4.13). If this P,, 1s different from that chosen 
earlier from Fig. 4.32, another heat sink with other values of P,, and (7’, — 7’) is tried until 
Eqs. (4.12) and (4.13) are satisfied. After deciding the value of P,,,, use this value of P,,, in 
Fig. 4.19 to obtain permissible value of average current rating for a given conduction angle 
and current waveform. 

In the second method of heat sink design, first average armature current is determined 
from a known current waveform and conduction angle. Corresponding to this average current, 
P.,, is read off from Fig. 4.19. For this P,,, thermal resistance @,, 18 determined from Eq. 
(4.12) as temperatures 7’ (= 125°C), T, and 6,,, 0., are already known. This computed value 
of 0,4 is used to obtain temperature difference (T, — 7,4) between heat sink and the ambient 
from Eq. (4.13). Using these values of P,, and (T,—T',), an appropriate heat sink 1s selected 
from Fig, 4.33, the details of which are usually supplied by the manufacturers. 

In the third method of heat sink selection, first compute average armature current as 
done in the second method. For this value of average current, obtain P,, from Fig. 4.19 and 
case temperature 7, from Fig. 4.20 for the known current waveform and conduction angle. 
An examination of Fig. 4.32 reveals that the sink temperature T, in terms of case temperature 
T,.18 given by 

SAU Ps Oe ven 4.14) 

As ambient temperature is known, (7, — 74) can be calculated. Now, with the knowledge 
of P,,, and (T, — T4), a choice of suitable heat sink can be made from Fig. 4.33. 

Heat sinks are made from metal with high thermal conductivity. Aluminium is the most 
commonly used metal. Copper, being a costly metal, is seldom used as a heat sink material. 
Heat dissipation from heat sink takes place primarily by convection. As such, thyristor cooling 
by convection can be made more effective by enlarging the cooling surface area by providing 
the heat sink with peripheral fins. Heat dissipation also takes place by radiation. Heat sinks 
are usually provided with black anodized finish to enhance the heat dissipation by radiation. 

Sometimes the size of naturally-cooled finned heat sink may become large. In such a case, 
size of the heat sink can be reduced by using forced air cooling which involves a fan blowing 
air over the fins. With forced air cooling, heat-removing capability of the finned heat sink 
increases by a factor of two to three. For dissipating large losses in high-power thyristors, 
water-cooling is usually employed to get a compact size of the heat sink. 

4.8.3. Thyristor Mounting Techniques 

Internal power losses in a thyristor cause high thermal stresses which further give rise 
to mechanical forces. A thyristor must be braced to withstand such mechanical forces. In 
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addition, SCR mounting must be so designed as to facilitate heat flow from ae ‘ a 
case. Depending upon the low or high power ratings of thyristors, there are ve majo! 
mounting techniques for SCRs as described below : 

(a) Lead-mounting. For load-current rating of about one ampere, wer gerbes gaa th 
used, Fig. 4.34 (a). Such SCRs do not require any additional cooling or heat sink. © 
housings dissipate sufficient heat by radiation and er ee aed 

4 d-mounting. This type of construction shown in Fig. 4.04 (0) 18 very Wis 
diese Aealbiity and sofas The threaded stud forms the anode. The ~~ is Sinise 
to a heat sink by means of threaded stud and nut. Thus anode gets ere ee, sat 
the heat sink. If electrical connection between anode and heat sink is oe Se ie ee 
or PTFE washers are used in between the joining surfaces. Both mica and 
heat easily but act as insulators to electricity. 





(c) 


Cooling fins 





= (e) 
d 7 PA 
ig 434. Different SCR mountings and heat sink. 

(c) Bolt-down mounting. This is also called flat-pack mounting. This type athe Sats 
mounting has tabs with one or more holes. Sometimes the hole is provided in the mi e e 
shown in Fig. 4.34 (c). Bolts are pushed through these holes so as to mount the device pat : 
heat sink with nuts etc. In case the device is to be insulated from the heat sink, a thin 
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insulating mica or PTFE washer is used between the device and heat sink and the bolt is 
made up of nylon. This type of mounting is used for small and medium ratings. 

(d) Press-fit mounting. Press-fit (or pressure-fit) package is designed for insertion into an 
appropriate sized hole in the heat snk. The insertion may be done by using a vice and pressing 
the device into the hole using wooden block ete. For large sizes, the insertion is carried out 
by means of a hydraulic ram. This type of mounting is used for large rated thyristors, Fig. 
4.34 (d) illustrates press-fit mounting of SCRs. 

(e) Press-pak mounting. This type of mounting is also called “disc” or “hockey-puck” 
mounting because of its shape. The SCR is clamped between two heat sinks, Fig. 4.34 (e) and 
external pressure is applied evenly so that there is no deformation of any part. The heat sinks 
may be air, water or oil cooled. Such type of mounting is used for thyristors of very high 
current ratings. | 

Example 4.18. The data sheet for a thyristor gives the following values : 

Vim = 125°C 
0. = 0. 15°C/W 
9.,=0.078°C/W 
| (a) For average power dissipation of 120 W, check whether the selection of heat sink g from 
shee ts satisfactory. Use first method of heat sink selection with ambient temperature of 

(6) A sinusoidal voltage source of 230 V, 50 Hz feeds power to a resistive load of 
pe ©. For a firing angle delay of zero degree, choose a suitable heat sink and find the circuit 
efficiency, 

(c) For the heat sink chosen in part (a), compute case and junction te tu im case 
dafibe one eo oe . p nd junction temperatures in case 

Solution, (a) For the heat sink g, Fig. 4.33 gives a value of 

T,-T,4=54°C for P.,,= 120 W. 

From Eq. (4.13), 


DJA. 
Ox4 = an = 0.45°C/W. 
From Eq. (4.12). at oRon WT 


| av ~ (0.15 + 0.075 + 0.45) 
, As this computed value of P,, is different from the previous value of 120 W, another heat 
sink, say f, for which T, — T, = 58°C for P,,, = 120 W should be tried. 


From Eq. (4.13), 0.4 = = 0.483 
From Eq. (4.12), 215 = 40 aninkt 
: av (0.225 + 0,483) — sarc 


This shows that selection of heat sink f is satisfactory. 
| For Poy = 120 W and for sinusoidal current, Fig. 4.19 (5) gives average current rating for 
the eyenior as 30 A for 180° conduction angle or «=0°, 74 A for @=60° and68 A for 
a= 90°. 
(6) For a = 0°, conduction angle is 180°. Here second method of heat-sink selection is used. 
inte, | Vin V2 x2 
z a ee) —_t .: atl Hae ale pa V2 x 230 
Te aT J, FOS Rico 
For this current, P_, from Fig. 4.19 (6) is 90 W. 


=5L772=52 A 


Downloaded From : www.EasyEngineering.net 
www.raghul.org 


© Wiki Engineering 





Downloaded From : www.EasyEngineering.net 


Thyristors : [Art. 4.38] 109 





From Eq. (4.12), Bas ae 40 _ (0.225) = 0.7194° C/W 

From Eq, (4.13), T,-—T4=90 x 0,7194=64,75°C 

For T, — T, = 64.75°C and P,,,, = 90 W, Fig. 4.83 shows that heat sink c should be selected. 

The use of third method of heat-sink selection is also demonstrated. First I7,y 1s calculated 
as in the second method. For this current, P,,,=90 W from Fig. 4.19 (6) and T, = 112°C from 
Fig. 4.20 (6). Now sink temperature from Eq. (4.14) is 

T, = 112-90 x 0.075 = 105.25°C 

and T, — T, = 105.25 — 40 = 65.25°C. 

For T, —T, =65.25°C and P,,, = 90 W, Fig. 4.33 shows that heat sink ec should be chosen. 
As expected, this agrees with the choice made by the use of second method. 


v? 
Power delivered to load, P=I*? R= aa 
where V_=rms value of load voltage 


r 1 [t 1/2 V 
V,= z J, Vin sin’ wt ie = > 


eatin 
(Wm) 1 (230V2¥ 1 
P(E F- -( > | = 18225 W. 


.. Circuit efficiency = SEE = 0.993 pu or 99.3%. 


(c) For a= 60°, conduction angleis 180° — 60° = 120° 





en Vn 

Inv= = Ji jp sin at - d(wt) = ST py (1 + cos ot) 
_ 230V2 
22 


For Jp4,= 38.82 A and conduction angle of 120°, P,,, from Fig. 4.19 (6) is 52 W and from 
Fig. 4.33 for heat sink c. 


T,-T,=46°C 
T, = 40+ 46 = 86°C. 


——— (1+ cos 60°) = 38.82 A. 


From Eq. (4.14), case temperature, 

T.=T,+F.,, :9,, = 86 + 90 x 0.075 = 92.75°C 
and junction temperature, T;=T,+ P,, - 9;. = 92.75 + 90 x 0.15 = 106.25°C, 

This example demonstrates that selection of heat sink by second and third methods is 
_ more simpler than by the first method. 

Example 4.19. For a thyristor, maximum junction temperature is 125°C. The thermal 
resistances for the thyristor-sink combination are 8;,= 0.16 and 0., = 0.08°C/ W. For a heat-sink 
temperature of 70°C, compute the total average power loss in the thyristor-sink combination. 

In case the heat sink femperature is brought down to 60°C by forced cooling, find the 
percentage increase in the device rating. 


Downl From : www.EasyEngineering. 
© Wiki Engineering ownloaded From : wwWw.Eas ETE 


ee eeOOO 
Downloaded From : www.EasyEngineering.net 


110 = [[Art. 4.9] | , Power Electronics 


Solution, From the equivalent circuit of Fig. 4.32 
T; =T7,+F., (0;. +045) 
Peg = es = 229.17 W 
Thus total average power loss in the thyristor-sink combination is 229.17 W. With 
improved cooling, 
125 — 60 


Pag=— ppg = 270.83 W. 


Thyristor rating 1s proportional to the square root of average power loss. 


-. Percentage increase in thyristor rating 


_ ¥270,83 —V229.17 
+ V229.17 


4.9. SERIES AND PARALLEL OPERATION OF THYRISTORS 


SCR ratings have improved considerably. since its introduction in 1957. Presently, SCRs 
with voltage and current ratings of 10 kV and 3 kA are available. However, for some industrial 
applications, the demand for voltage and current ratings is so high that a single SCR cannot 
fulfil such requirements. In such cases, SCRs are connected in_serie: series in order to meet the 
h.v. demand and in parallel for fulfilling the high current demand. For series or parallel 
connected SCRs, it should be ensured that each SCR rating is fully utilized and the system 
operation is satisfactory. String efficiency is a term that is used for measuring the degree of 
utilization of SCRs in a string, String efficiency of SCRs connected in series/parallel is defined 
as 


x 100=8.71%. 





string efficiency 
i Actual voltage/current rating of the whole strin 
~ [Individual voltage/current rating of one SCR | [Number of SCRs in the string] 


In practice, this ratio is less than one. For obtaining highest possible string efficiency, 
the SCRs connected in series/parallel string must have identical V-J characteristics. As SCRs 
of the same ratings and specifications do not have identical characteristics, unequal 
voltage/current sharing is bound to occur for all SCRs in a string. As a consequence, string 
efficiency can never be equal to one. However, unequal voltage/current sharing by the SCRs 
in a string can be minimised to a great extent by using external equalizing circuits. 





Even in a string provided with external equalizing circuits, the string efficiency is less 
than unity. In case one extra unit is added to the series/parallel string, the voltage/current 
shared by each device would become lower than its normal rating. The use of this extra unit 
will certainly improve the reliability of the string though at an increased cost. A measure of 
the reliability of string is given by a factor called derating factor DRF defined as under : 


DRF = 1 - string efficiency 


If the value of recommended DRF is more, the number of devices used in series/parallel 
string will be more. This will certainly improve the reliability of the string for a given rating 
of the string. 


The object of this section is to study the problems concerning the series/parallel operation 
of SCRs and to discuss the measures adopted to overcome these problems. 
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4.9.1. Series Operation 

When system voltage is more than the voltage rating of a single thyristor, SCRs are 
connected in series in a string. As stated before, these SCRs should have their V—J 
characteristics as close as possible. On account of inherent variations in their characteristics, 
the voltage shared by each SCR may not be equal. For instance, consider two SCRs with their 
static V-I characteristics as shown in Fig. 4.35. For SCR1, leakage resistance (= V,/Jo) 1s 
high whereas for SCR2, it is low (V,/I,). For the same leakage current J) in the series 
connected SCRs, SCR1 supports rated voltage V, whereas SCR2 supports voltage Vp < V). 
Each SOR in Fig. 4.35 is rated for a forward blocking voltage of V, volts which is always less 
than its forward breakover voltage. Here Vgo; and Vago. are the forward breakover voltages 
for thyristors 1 and 2 respectively. It is seen from Fig. 4.35 that two SCRs can support a 





(a) (b) 
Fig. 4.35. Series connected SCRs. 
maximum voltage of V, + V, and not the rated blocking voltage 2V,. The string efficiency for 
two series connected SCRs of Fig. 4.35 is, 

: ns Vi ++ Vo 1 Vo 
Therefore, V, 2 1+ V, 
This shows that even though SCRs have identical ratings, voltage shared by each is not 

the same and string efficiency is therefore less than one. 

A uniform voltage distribution in steady state can be achieved by connecting a suitable 
resistance across each SCR such that each parallel combination has the same resistance. This 
will require different value of resistance for each SCR which is a difficult proposition. A more 
practical way of obtaining a reasonably uniform voltage distribution during steady state working 
of series-connected SCRs is to connect the same value of shunt resistance £ across each SCR as 
shown in Fig. 4.36. This shunt resistance R is called the static equalizing circuit, Magnitude of 
parallel resistance R can be obtained as follows [1]. 

Consider n thyristors connected in series as shown in Fig, 4,36. Let SCR1 has minimum 
leakage current J,,, and each of the remaining (n - 1) SCRs have the same leakage current 
Tim: > Ibmn: AN. examination of Fig. 4.35 (6) reveals that an SCR with lower leakage current 
blocks more voltage. 
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One SCR with leakage 
current 


Ibmn je— (n-1) SCRs with leakage current Ibmx ————»y 








current 





String voltage Vo —@ —-——\_________ 
Fig. 4.36. Static-voltage equalization for series-connected string. 
As SCR1 has lower leakage current, it will block voltage V,,, (say) which is more than 
that shared by each of the other (mn -— 1) SCRs. It is seen from Fig. 4.36 that 
l,=I-I,,,, and I,=I-1I,,,. 
where I = total string current 
Voltage across SCR1lis V,,,=1,R 
Voltage across (n —1)‘SCRs =(n—-1)/,R 
For a string voltage V,, the voltage equation for the series circuit of Fig. 4.36 is 
V, =1,8 + (n -1) Al,=V,,,+(n - 1) RU -I,,,) 
=Vin+( —-1)F Uy -— Came — Loma! 
=V,,+(n-1) RI,-(n-1)R- Al, 


where AL, =Inms —Limn 
As RI, =Vim Ve=n2 Vin —(2-1)R-AL, 
nVin— V; 
or = (4.15) 


“(n=1)-AL, 


The SCR data sheet contains only maximum blocking current J,,,,, and rarely A J,. In such 
a case, it is usual to assume A J; =/,,,,, with J,,,,, = 0. With this, the value of R calculated from 
Kq. (4.15) is low than what is actually required. The value of minimum leakage, or blocking, 
current J,,, may be acquired from manufacturers if required, but data sheet does not give its 
value. 

Once the value of F is calculated, its power rating is given by 

pote 
where V.=rms voltage across FR. 

It is likely that SCRs do not have identical dynamic characteristics. In such a case, 
series-connected SCRs will have unequal voltage distribution during the transient conditions 
of turn-on, turn-off and high frequency operation. The dynamic characteristics of two SCRs 
during turn-on are shown in Fig, 4.37 (a) where it is assumed that turn-on time of SCR2 is 
more than that of SCR1 by At, Before these two SCRs are gated, string voltage V, is shared 
as V, /2 by each thyristor as shown. Now both SCRs are gated at the same time. As SCR1 
has less turn-on time, it gets turned-on at instant ¢,, whereas SCR2 is yet off. Voltage across 
SCR1 drops from V,/2 to almost zero. At the same instant ¢,, voltage across off SCR2 will 
boost from V,/2 to almost full V,. Thus, the voltage shared by two SCRs are unequal, After 
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instant ¢,, voltage V, across SCR2 may turn it on in case V, is greater than its breakover 
voltage. SCR2 will, however, get turned on at time (f; + At,) as assumed, Fig. 4.37 (a). 


Siring 4 
voltage 







Anode 4 
voltage | 


Anode 
current 


; 
i 
| 
‘ 
ii 
i 
ll 





Oo) 


Fig. 4.37. idechen voltage distribution for two series connec id SCRs during 
(a) turn-on and (6) turn-off. 

During turn-off, thyristor characteristics are shown in Fig. 4.37 (6), SCR1 is assumed “ 
have less turn-off time ¢,, than that of SCR2, i.€. t51 < typ. At instant tp, SCR1 has recovere 
and is passing through zero voltage whereas SCR2 is developing reverse recovery voltage 
xy. At instant ¢, in Fig, 4.37 (6), both SCRs are developing different reverse recovery voltages 
given by ab for SCR1 and ae for SCR2 as shown, 80 tne two SCRs have unequal voltages 
‘across them at ¢,. It is thus seen that SCRs with different characteristics during turn-off time 
suffer from unequal voltage distribution during their turn-off processes. It may thus be 
‘eoncluded from above that series-connected SCRs do suffer from unequal voltage distribution 
across them during their turn-on and turn-off processes and also during their high-frequency 
0 eration which means more frequent turning-on and turning-off of the devices. 

Asimple resistor as shown in Fig. 4.36 for static voltage equalization cannot maintain 
equal voltage distribution under transient condition. During turn-oF and turn-off, ib 
sapacitance of the reverse biased junctions determines the voltage distribution across SCRs 
im a series connected string. As reverse biased junctions are likely to have different 
capa titances, called self-capacitances, the voltage distribution during turn-on and turn-off 
seriods would be unequal. Voltage equalization under these conditions can, however, be 
achieved by employing shunt capacitors as shown in Fig. 4.4 8. This capacitance has the effect 
frem yving the inequalities in thyristor self-capacitances. In other words, during turn-on 

| turn-off periods, the resultant of shunt capacitance and self-capacitance of each SCR tend 
to De eq 4] for each of the series connected SCRs. Thus the shunt capacitors play a dominant 
ole in equalizing the voltage distribution across the series-connected thyristors during their 
E re n= nm and turn-off processes. . a 
When -OR is in the forward blocking state, the capacitor connected across It pets 
ea Be ice ce across that SCR. When this SCR is turned on, capacitor 
lischarg es heavy current through this SCR. For limiting this discharge current spike, a 
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damping resistor Rh, 18 used in series with capacitor C as shown in Pig, 4.38: eens ae es 
dam 9s out the high frequency oscillations that may arise due to _ — ae 2 - 
R scant capacitor and circuit inductance. Combination of Re and 2 is : = | a a. = 
sitolistes circuit and is shown in Fig. 4.38 (a). Nove that the rune 5 te a = a 
Fig. 4.38 is to equalize the voltage during dynamic (or transient) conditions . 

the thyristors against high du/dt. 














Dynamic equalizing | Static equalizing ti 
circuit \ , circurt \ Beetten:, 
deinen SE gn \--=> > 4 : 
! 7 | it 
2 1 i<R 
/ ! 3 
1 | 
, 
| | 
: ) > 
' ! 
! i ' | 
a 4 
1 ' | 
: 3 | i 
| 'e Reverse 
| : O recovery 
. everse recovery 


(a) current . (0) teh. 
Fig, 4.38. Dynamic and static equalizing circuits REE eae : aatB 
A diode D is also placed across Re. When forward waliage: SERORE? ee rea aaes 
during charging time of the capacitor C. This makes ms ah eee aereiee sada Re 
equalization and for limiting du/dt across SCR. However, during £ P C1 Di age Scviee 
comes into play for limiting the current spike and rate of change at Caen aL ea eine 
turn-off period, when all SCRs are developing eae Bee ace Ee SCR 
ibe broug} all series connected SCRs as shown 1n iB 1S AGI AD pur Sarees 
meree will not allow the passage of i, from the other SCRs. If SCRA is Ar 
recover ally and anor han tes SOG et rg (0) hur AY 
ar through R connected across © as snow Te eee Rae LE S| . ORs 
caatoa tial ah. also in case the conditions are favourable. Saar ~ “feria 
are shown in Fig. 4.38. The existance of reverse recovery current is desirable as 1 ; 
the turning-off process of the series-connected SCR string. j ave 
Value of capacitance C shown in Fig. 4.38 can be obbainer SiS veieateeant 
in series connected SCRs, voltage clean casrne fon tg ep tad eadsit cai cari 
siese She : ; : ts: of SORR: in Fig. “4.39 (b) are shown reverse recovery 
re reas Shei two SCRs of Fig. 4.39 (a). SCR1 is assumed to have short reverse revovtiy 
chatae Gite to SCR 2. Shaded area A Q, proportional to wi ee pean = SS mntiaaselits 
is th difference in the reverse recovery charges of EE ELSIOTS : Sa ib <4 t allow 
ne ‘son, SCR1 recovers first ; it, therefore, goes into blocking state and does nd: 3” Ut 
the pastas of excess charge A@ left on SCR2. This charge 4 Q can, however, pass tnrougt 
C as shown in Fig. 4.39 (a). . ; = « 8CR1. is AQ/C ; whereas 
atnkbadve aii + 4 Qin the capacitor C, connected across SCRI, 18 4 siiae a 
ri ee iia Q,-@)) mn C connected across SCR2. There is thus a difference 
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Anode # 


current 





recovery _ 
current = 2 





(a) (5) 
Fig. 4.39. (a) Flow of reverse recovery current if SCR1 recovers first 
(6) Variation of reverse recovery characteristics for two SCRs of Fig, 4.39 (a). 

in voltages, equal to So Ae. to which the two shunt capacitors are charged. The 
thyristor with the least reverse recovery time will share the highest transient voltage, say 
Vim- As stated above, the voltage difference to which the two shunt capacitors are charged 
during reverse recovery time is A Q/C, the transient voltage shared by slow thyristor 2 must 
be V,,, -48 (less than V,,, shared by fast thyristor 1). Thus, in Fig. 4.39 (a), 


voltage across fast top thyristor 1 , V, = V,,, 


and voltage across slow bottom thyristor 2, V, = V,,, — as 
., String voltage, V, = Vi + Vo = Vin + Vim — Az 
fh ew 
or Vim = 5 fv, + ) 
| | A@ 1) AG | 
- Va=Von~“G'=3 Vv. - 


In order to aid the reverse recovery process of the thyristors in a string, the string voltage 
reverses in polarity as shown in Fig. 4.39 (a). 

Now consider that there are n series-connected SCRs in a string. If top SCR has 
characteristics similar to SCR1 of Fig. 4.39 (6) and the remaining (n-1) SCRs have 
characteristics similar to SCR2 of Fig. 4.39 (6), then SCR1 would recover first and support 
a voltage V,,,. The charge (n — 1) A @ from the remaining (n — 1) thyristors would pass through 
Cc connected across top fast SCR1 and as a result, a voltage (n —- 1) AQ@/C would be induced 
in C. As before, excess charge contributed by each one of the (n — 1) thyristors is A q), therefore, 
the voltage across each one of the slow thyristors is Vim — . Thus, for a string of n 
series-connected thyristors, voltage across fast top thyristor 1,V, = V,,, 
voltage across each one of the slow thyristors, 
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AQ 


Vo= Vim C 
and voltage across (n — 1) slow thyristors = (n — Bee sh 
=(0— {Vin ca 
+, String voltage, V,=V,+(n-1) V2 


Av 
= Vim + (n = 1) (Von -"] 


1 m=1-a@! 4.17) 
Its simplification gives Vim = 5 ¥. + C | 
C= (w= A@ (4.18) 
ono i rt Vim mie 


Voltage across each one of the slow thyristors, in terms of V,, is given by 
Vo= Ve : E) 
V, n-1)AQ AQ 
Ta et ine C 
v,-42 


.. (4.19) 


V,= 
or 2 





4.9.2. Parallel Operation mol wll 
When current required by the load is mate Ea Oe eats ‘ a a I ak 3 
5 | onnected in parallel in a string. For equal © aring of ¢ we 
= Enea forward conduction must be identical as far as possible. 





(a) (Dy ame dyr a 28) oe Beets 

sh ee ‘h) Parallel operation of two thyristors , 
(c) opal Levinhte ikene as junction pep aslioes sel seco tata aed 
In Fig. 4.40 (a) are shown two SORs in parallel and their cherie a CV across 
onduction are shown in Fig. 4.40 (6). For parallel-connected >is, Ve Brey shares a 
ae : be equal. Fig. 4.40 (b) shows that for the same voltage drop V7, SC 7 
ane th hereas SCR, carries current J, much less than the rated current J. Ine 
. rated pean a ea ae Downloaded From : www.EasyEngineering.net_ 
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total current carried by the unit is J, + J, and not the rated current 2/, as required. Therefore, 
string efficiency is given by 
h+h_i(,,h 
7) GR qi 

Now consider n parallel connected SCRs. For satisfactory operation of these SCRs, they 
should get turned on at the same moment, The importance of their simultaneous turn on can 
be explained with an example. Consider that SCR1 has large turn-on time whereas the 
remaining (n — 1) SCRs have low turn-on time. Under this assumption, (nm — 1) SCRs will turn 
on first but one SCR1 with longer turn-on time is likely to remain off. The voltage drop across 
(n - 1) SCRs falls to a low value and SCR1 1s therefore subjected to this low voltage. For a 
given gate drive power, anode to cathode must have some minimum forward voltage, called 
finger voltage, for a thyristor to turn-on. If voltage across SCR1 drops to a value less than 
its finger voltage, then this thyristor will not turn on. AS a consequence, the remaining 
(n — 1) SCRs, which are already on, will have to share the entire load current. As such, these 
SCRs may be overloaded and damaged because of heating caused by overcurrents. 

If one SCR1 in a parallel unit carries more current than other SCRs, then this SCR1 will 
have greater junction temperature rise. As a result, its dynamic resistance (= dV,/dl,,) during 
forward conduction, Fig. 4.40 (c) decreases and this further increases the current shared by 
this SCR. In Fig. 4.40 (c), dynamic resistance is oa/ab and current shared is if Because of 
junction temperature rise, its dynamic resistance decreases to oa/ac and current shared by 
SCR1 increases to/”. This process of anode current rise becomes cumulative and subs equently 
the junction temperature of SCR1 exceeds its rated value : as a result SCR1 is damaged, This 
sequence of events may engulf another SCR and in this manner all SCRs in the string may 
be destroyed permanently. Therefore, when SCRs are to be operated in parallel, it should be 
ensured that they operate at the same temperature. This can be achieved by mounting the 
parallel unit on one common heat sink. | 

Unequal current distribution in a parallel unit is also caused by the inductive effect of 
current carrying conductors. When SCRs are arranged unsymmetrically as shown in Fig, 4.41 
(a), the middle conductor will have more inductance because of more flux linkages from two 
nearby conductors. As a consequence, less current flows through the middle SCR as compared 
to outer two SCRs. This unequal current distribution can be avoided by mounting the SCRs 
symmetrically on the heat sink as shown in Fig. 4.41 (b). 


: ‘Heat sink 





(a) (b) 


(c) 


Fig. 4.41. Parallel operation of SCKa (a) unsymmetrical arrangement and 
(b) symmetrical arrangement on heat sinks (c) current equalization by the use of reactor. 
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in & , emetic coupling 
ae | uniform by the magnetic couphls 
: s«ronits. current distribution can be made more ee sid point of the 
anh eee Se ea in Fig. 4.41 (c). The tapped pa A of the reactor 
oe ae de sanceatl are such that I, = J», then Ree and there is therefore 
reactor. ano fen osing flux linkages cance! set eek 
Fe oe oe Ais the mid point, opposing somal, say [1 > Jo, then resultant 
oppose each other. As | | ‘ents I, andJ, are unequal, Say “1 : | 
- in the reactor. If currents 4) 71 and 9. ag shown. Emf across 
a Sg rabiek zero. These flux linkages induce 9 2s Spe * . “= mieccain thas 
tux 1D = 7 si, : fhereas that across 1. Le da" - 
: | ces the flow of J, whereas ' Loire einen telinesie the parallel 
ate pagans a boost I, 0 as to minimise the unbalance of currents 1n Pp 
tendency Ww puree 


umit. 


en et ided with static and 
; | -oe.connected thyristors 18 provided with Seti 
ceample 4,20. A string of four series-connected Byrn oltaze of 10 kV. The 
Bae toy aireuite, This string has to withstand an offsite NITE 0 6 and 
oe aati resistance is 25000 QO and the dynamic or ns os j a oa cet! 16° 
state | ; , 9 , A m | 
ca | ,age currents for four thyristors are by i e current of 
Sas ms ae Bias each SCR in the off-state and the discharge 
respectively. Le Peas i. 7 
each capacitor at the time of turn-on. te. Then current through 
tion. Let J be the string current in the eas euceen’ through each SCR is 
Sota Ria resistance R of 25000 Q is U-leakage current), c LURE FEV SAC 
Se aa earrent and no current flows through series combinath C 
its own leakag | 


« Voltage across R = voltage RGEORE sd 
Voltage across SCR1 =(I- 0.022) x20 eo 
Voltage across SCR2 =(I- 020) x 25000 . ‘ 
Voltage across SCR3 = (I —0.018) x 25000 5 - 
Voltage across SCR4 = (J — 0.016) x 95000 = Vy 


r V7, Vq and V, gives 
iF oe oa é vi 5: +Vo+Vat+Va= string voltage, 10000 V 
T=0.12A 
or 
From above, voltage across aes nae itis ns 
Similarly V2. = 2975 V, V, = 2550 V and V, = 2600 V. 


Discharge current through SCR1 at the time of turn on 


_ Vi _ 2475 _ 61 875A 
-Ro 40 


-e respectively 59.375 A, 
Similarly, discharge currents through thyristors 2, 4 and 4 are respectively 
63.75 A and 65 4. bs e available to be used in a 
ed ‘Rs with fin of 1000 V and 200 A are. ores ‘py em aginred ih 
Re, a aed i L elevate i number of series ard parallel units require 
string to handle 0 RY ee ThA 
case ‘erubina factor is (a) 0,1 and (b) 0.2. 


Solution. (a) Derating factor, DRF =1-string efficiency 
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6000 1000 


O.b= t,x 1000 7, x 200 


~ Number of series-connected SCRs, 
3 6000 6=7 


"s=Fo00x09° 


Number of parallel-connected SCKs, 
1000, peop 
p= 00x09 =” 
(b) As above, number of series-connected SCRs, 
6000, 
"s=7o900x08 > |” 
and number of parallel-connected SCRs, 
_ 1000 
"> ~ 200 x 0.8 
With higher value of DRF, more SCRs are required and therefore voltage and current 
shared by each device are lower than their normal rating. This increases the string reliability 
though at an increased investment. | ALE 
Example 4.22. It is required to operate 250-A SCR in parallel with 350-A SCR with their 
respective on-state voltage drops of 1.6 V and 1.2 V. Calculate the value of resistance to be 
inserted in series with each SCR so that they share the total load of 600 A tn proportion to 
their current ratings. 
Solution. 


8 


=6§.25=7 


. 1.6... 
Dynamic resistance of 250-ASCR1 = 350 


1.2 
Dynamic resistance of 350-A SCR2 = 350 2 











Let R be the resistance inserted in series with each SCR. With this, current shared by 


men +R 
SCR1 = 600 7 otlresistance ~~ 
ee 
and cui SCR2 = 600 ~~» —___ « 350 
end current shared by % Total resistance 
12... 
—— 3507" _250_5 
From above, 16. 5 = 35077 
200 
Its simplification gives R=0.004 9. 


Thus the resistance to be inserted"in series with each SCR is 0.004 2. ) 
_ Example 4.23. Discuss the conditions which must be satisfied for turning-on an SCR with 
@ gate signal. | ye 
- Solution. Conditions which must be satisfied for turning-on SCR with a gate signal are 
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(a) An SCR must be forward-biased. It means that anode must be positive with respect 
to cathode. | | a 

(b) Gate pulse width must be more than the turn-on time of an SCR. This will ensure 
that anode current exceeds the latching current before gate signal is removed. , 

(c) Anode to cathode voltage must be more than finger voltage. A finger voltage is that 
voltage below which an SCR cannot be turned on with a gate signal. : 

(d) Magnitude of gate current must be more than the minimum gate current required to 
turn-on a thyristor, otherwise the thyristor turn-on will not be reliable. 

(e) Magnitude of gate current must be less than the maximum gate current allowed, 
otherwise gate circuit may be damaged. 

(f) The gate triggering must synchronize with the ac supply. 

4.10. OTHER MEMBERS OF THE THYRISTOR FAMILY 

The term thyristor includes all four-layer p-n-p-n devices used for the control of power in 
ac and de systems. The silicon controlled rectifier is the most popular member of thyristor 
family. There are several other members of thyristor family like PUT, SUS, SCS, triac, diac 
etc. All these devices, except triac, are low power devices. Several new devices have been 
developed and added to the thyristor family. These recently developed thyristor devices are 
asymmetric thyristor (ASCR), reverse conducting thyristor (RCT), static induction thyristor 
(SITH), gate-assisted turn-off thyristor and gate turn-off (GTO) thyristor. The latest addition 
to the thyristor family is the MOS-controlled thyristor (MCT) which has already been 
described in Chapter 2. The object of this section is to discuss other members of the thyristor 
family. 

4.10.1, PUT (Programmable Unijunction Transistor) 

It is a pnpn device like an SCR. But the major difference is that gate 1s connected to 
n-type material near the anode as shown in Fig, 4.42 (a). PUT is used mainly in time-delay, 
logic and SCR trigger circuits. Its largest rating is about 200 V and 1 A. Circuit symbol and 
V —I characteristics of a PUT are shown in Fig. 4.42 (6) and (c) respectively. 

A 


re ES Ee eee 





(a) * (6) Leas 
Fig, 4.42. (a) Schematic diagram (5) circuit symbol and (c) V-J characteristics of a PUT. 

In a PUT, Gis always biased positive with respect to cathode. When anode voltage exceeds 
the gate voltage by about 0.7 V, junction J, gets forward biased and PUT turns on. When 
anode voltage becomes less than gate voltage, PUT is turned off. 

4.10.2. SUS (Silicon Unilateral Switch) 

A SUS is similar to a PUT but with an inbuilt low-voltage avalanche diode between gate 
and cathode as shown in Fig. 4.43 (a). Because of the presence of diode, SUS turns on for a 
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‘5 

Fig. 4.43. a Schemafic diagram (6) circuit symbol | | 
(c) equivalent circuit and (d) V-I characteristics of an SUS. | 
fixed anode-to-cathode voltage unlike an SCR whose trigger voltage and/or current vary 
widely with changes in ambient temperature. SUS is used mainly in timing, logic and trigger 
circuits. Its ratings are about 20 V and 0.5 A. Circuit symbol, equivalent circuit and V -J 
characteristic of an SUS are shown in Fig. 4.43 (6), (c) and (d) respectively. 

4.10.3. SCS (Silicon Controlled Switch) 

SCS is a tetrode, i.e. four electrode thyristor. It has two gates, one anode gete (AG) like 
a PUT and another cathode gate (KG) like an SCR. In other words, SCS is a four layer, four 
terminal pnpn device ; with anode A, cathode K, anode gate AG and cathode gate KG, Fig. 
4.44 (a). SCS can be turned on by either gate. Circuit symbol and V—J characteristic of an 
SCS are shown in Fig. 4.44 (b) and (c) respectively. 
oA 


() (d) 





b 


(a) (0) | w ete} | 
Fig. 4.44. (a) Schematic diagram (6) circuit symbol and (c) V-I characteristic of an SCS. 

When a negative pulse is applied to gate AG, junction J, is forward biased and SCS is 
turned on. A positive pulse at AG will reverse bias junction J, and turns off the SCS. 

A positive pulse at gate KG turns on the device (just like an SCR) and a negative pulse 
at KG turns it off (just like a G.T.O.). 

Its ratings are about 100 V and 200 mA. This can be operated like an OR gate. Its 
applications include : 
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(i) timing, logic and triggering circuits 
(it) pulse generators 
(zt) voltage sensors 
(iv) oscillators etc. 
4.10.4. Light Activated Thyristors 
The circuit symbol and V-I characteristics of light-activated thyristor, also called LA 
SCR, are shown in Fig. 4.45, LA SCRs are turned on by throwing a pulse of light on the silicon 
wafer of thyristor. The pulse of appropriate wavelength is guided by optical fibres to the 
special sensitive area of the wafer. If the intensity of light exceeds a certain value, excess 
electron-hole pairs are generated due to radiation and forward-biased thyristor gets turned 
on. 





‘lo 


6 
rs Fig. 4.45. (a) Cireuit symbol al ®) V-I characteristic of LASCR 
(c) Circuit symbol for SITH. 

The primary use of light-fired thyristors is in high-voltage high-current applications, 
static reactive-power compensation etc. A light-fired thyristor has complete electrical isolation 
between the light-triggering source and the high-voltage anode-cathode circuit. 
Light-activated thyristors are available up to 6 kV and 3.5 kA, with on-state voltage drop of 
about 2 V and with light-triggering requirements of 5 mW. 

4.10.5. Static Induction Thyristors (SITHs) 

The V—I characteristics of a SITH are similar to those of an SCR. Its circuit symbol is 
shown in Fig. 4.45 (c). SITH is turned on by applying a short positive pulse between gate and 
cathode like an ordinary thyristor. It is turned off by the application of short negative pulse. 
of large current between gate and cathode just like a G.T.O. ASITH has low on-state voltage 
drop. SITHs are available up to about 2500 V, 500 A ratings. These may be used for medium 
power converters with frequency range beyond that used for GTOs. 

4.10.6. The Diac (Bidirectional Thyristor Diode) 

A cross-sectional view of a diac showing all its layers and junctions is depicted in Fig. 
4,46 (a). If voltage V;5, with terminal 1 positive with respect to terminal 2, exceeds break-over 
voltage Vgp,, then structure pn pn conducts. In case terminal 2 is positive with respect to 
terminal 1 and when V>, exceeds breakover voltage Vag, Structure pn pn’ conducts. The term 
‘diac’ is obtained from capital letters, Diode that can work on AC. Fig. 4.46 (b) gives the circuit 
symbol and Fig. 4.46 (c) the V-J characteristics of a diac. It is seen that diac has symmetrical 


(c) 
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breakdown characteristics. Its leads are interchangeable. Its turn-on voltage is about 30 V. 
When conducting, it acts like a low resistance with about 3 V drop across it. When not 
conducting, it acts like an open switch. A diac is sometimes called a gateless triac. 





é “Ig 
(a) (0) a ea Ethan 
Fig. 4.46. (a) Cross-sectional view (5) circuit symbol and (c) V-J characteristics of a diac. 


4.10.7. The Triac 

An SCR is a unidirectional device as it can conduct from anode to cathode only and not 
from cathode to anode. A triac can, however, conduct ‘n both the directions. A triac 1s thus a 
bidirectional thyristor with three terminals. It is used extensively for the control of power in 
ac circuits. Triac is the word derived by combining the capital letters from the words TRlode 







MTZ positive 


Ig2 Ig [go=0 


— a = SS 2 a = a = 









=Ig0 -Igi -Ig2 





MTZ negative 


Fig. 4.47. (a) Circuit symbol and (6) static V-2 characteristics of a triac. 


and AC. When in operation, a triac is equivalent to two SCRs connected in antiparallel. The 
circuit symbol and its characteristics are shown in Fig. 4.47 (a) and (6) respectively. As the 
triac can conduct in both the directions, the terms anode and cathode are not applicable to 
triac. Its three terminals are usually designated as MT1 (main terminal 1), MT2 and the gate 
by G as in a thyristor. For understanding the operation of the triac, its cross-sectional view 
showing all the layers and junctions is sketched in Fig. 4.48. The gate G is near terminal 
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MT1., The cross-hatched strip shows that G is connected to N, as well as P, Similarly, terminal 
MT‘ is connected to P, and N, ; terminal MT2 to P, and N,. 

With no signal to gate, the triac will block both half cycles of 
the ac applied voltage in case peak value of this voltage is less 
than the breakover voltage of Vgq) or Vao2 of the triac, Fig. 4.47 
(b). The triac can, however, be turned on in each half cycle of the 
applied voltage by applying a positive or negative voltage to the 
gate with respect to terminal MT1. For convenience, terminal MT1 
is taken as the point for measuring the voltage and current at the 
gate and MT2 terminals. 

The turn-on process of a triac can be explained as under : 

(1) MT2 is positive and gate current is also positive. When MT2 
is positive with respect to MT1, junction P1 N1, P2 N2 are forward 
biased but junction N1 P2 is reverse biased. When gate terminal | 
is positive with respect to MT1, gate current flows mainly through Fig. 4.48, Cross-sectional 
P2 N2 junction like an ordinary SCR, Fig. 4.49 (a). When gate view of a triac, 
current has injected sufficient charge into P, layer, reverse biased 
junction N, P, breaks down just as in a normal SCR, As a result, triac starts conducting 
through P, N, P, N> layers. This shows that when MT2 and gate terminals are positive with 
respect to MT1, triac turns on like a conventional thyristor. Under this condition, triac 
operates in the first quadrant of Fig. 4.47 (6), The device is more sensitive in this mode. It 
ig recommended method of triggering if the conduction is desired in the first quadrant. 

(ii) MT2 is positive but gate current is negative. When gate terminal is negative with 
respect to MT1, gate current flows through P, N, junction, Fig. 4.49 (6) and reverse biased 
junction N, P, is forward biased as in a normal thyristor. As a result, triac starts conducting 
through P, N, P,.N, layers initially. With the conduction of P, N, P,.N3, the voltage drop 
across this path falls but potential of layer between P, N, rises towards the anode potential 
of MT2. As the right hand portion of P, is clamped at the cathode potential of MT1, a potential 
eradient exists across layer P., its left hand region being at higher potential than its right 
hand region. A current shown dotted is thus established in layer P, from left to right. This 
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Fig. 4.49. Turning-on process in a triac. 
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current is similar to conventional gate current of an SC. As a consequence, right-hand part. 
of triac consisting of main structure P, NV, P,.N2 begins to conduct. The device atructure 
P, N, P, Nz may be regarded as pilot SCR and the structure P, N, P, Ng as the main SOR It 
can then be stated that anode current of pilot SCR serves as the gate current for the main 
SCR. As compared with turn-on process discussed in (1) above, the device with MT2 positive 
but gate current negative is less sensitive and therefore, more gate current is required. 

(iii) MT2 is negative but gate current ts positive. The gate current J, forward biases 
P,, N, junction Fig. 4.49 (c). Layer N2 injects electrons into P, layer as shown by dotted arrows. 
As a result, reverse biased junction N,P, breaks down as In a conventional thyristor. 
Eventually the structure P, N, P, N, is completely turned on. As usual, the current aiver 
turn-on is limited by the external load. As the triac is turned on by remote gate No, the device 
is less sensitive in the third quadrant with positive gate current. 

(iv) Both MT2 and gate current are negative. In this mode, N, acts as a remote gate, Fig. 
4.49 (d). The gate current J, flows from P, to NV; as im a normal thyristor. Reverse-biased 
junction N, P, is broken and finally, the structure P, N, P, N,is turned on completely. Though 
the triac is turned on by remote gate N, in third quadrant, yet the device is more sensitive 


under this condition compared with turn-on action with positive gate current discussed in | 


(iit) above. 

It can, therefore, be concluded from above that : 

(i) sensitivity of the triac is greatest in the first quadrant when turned on with positive 
gate current and also in the third quadrant when turned on with negative gate 
current, 7 | 

(ii) sensitivity of the triac is low in the first quadrant when turned on with negative 
gate current and also in the third quadrant when turned-on with positive gate 
current. 

Thus the triac is rarely operated in first quadrant with negative gate current and in the 
third quadrant with positive gate current. 

As the two conducting paths from MT1 to MT2 or from MT2 to MT1 interact with each 
other in the structure of the triac ; their voltage, current and frequency ratings are much 
lower as compared with conventional thyristors. At present, triacs with voltage and current 
ratings of 1200 V and 300 A (rms) are available. 

Triacs are used extensively in residential lamp dimmers, heat control and for the speed 
control of small single-phase series and induction motors. 

A triac may sometimes operate in the rectifier mode rather than in the bidirectional mode. 
This may happen due to the following reasons : - 

(a) For a given value of positive gate current, a triac may turn on with MT2 positive 
in first quadrant but may fail to turn on with MT2 negative. ae 

(b) With constant negative gate current, the triac may turn on with MT2 negative in 
third quadrant but may not turn on with MT2 positive. 

The rectifier-mode can be overcome by increasing the value of gate current. 

4.10.8. Asymmetrical Thyristor (ASCR) 

A conventional thyristor is able to block a large reverse voltage, but this blocking 
capability is not required in several industrial applications. For example, in voltage source 
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inverters converting de to ac and in some chopper circuits, a freewheeling diode is usually 
connected in antiparallel! across each thyristor. This freewheeling diode clamps the thyristor 
voltage to 1 to 2 V under steady state conditions. An asymmetrical thyristor, or ASCR, is 
specially fabricated to have limited reverse voltage capability ; this permits a reduction in 
turn-on time, turn-off time and on-state voltage drop in ASCR. A typical ASCR may have 
reverse blocking capability of 20 to 30 V and forward blocking voltage of 400 to 2000 V. ASCRs 
with turn-off time half of that of a similar rated conventional SCRs have been developed. 
Fast turn-off ASCRs minimize the size, weight and cost of commutating components and 
permit high frequency operation (20 KHz or more) with improved efficiency. 
4.10.9, Reverse Conducting Thyristor (RCT) 


A reverse conducting thyristor is a special case asymmetrical thyristor with A 
monolithically integrated antiparallel diode on the same silicon chip, This construction 
reduces to zero the reverse blocking capability of RCT. A current pulse through the diode part 
of the chip turns off RCT. The arrangement of ASCR and diode in a single device reduces the 
heat sink size and leads ta compactness of the converter. The undesirable stray loop 
inductance between ASCR and diode is also eliminated and unwanted reverse voltage 
transients across ASCE are avoided - this leads to better turn off behaviour of RCT. 

4.10.10, Other Thyristor Devices 

Field-controlled thyristor (FCT), or static induction thyristor (SIT), is a new four layer 
semiconductor device still under development. In FCT, a negative gate drive turns off the 
normally conducting thyristor, but it is essential to hold this negative gate drive to achieve 
the off-state. It has been reported that FCT has high voltage-blocking capability, low-on-state 
voltage drop and improved dv/dt and d1/dt values. 


Gate-assisted turn-off (GAT) thyristor is a normal four-layer thyristor, but its turn-off is 
achieved by applying a negative gate drive across gate-cathode terminals. In order to reduce 
the turn-off time appreciably, the gate-cathode junction is highly interdigitated so that stored 
charges can be removed more effectively from the base region. GAT thyristors are extensively 
employed in TV deflection circuits at frequencies around 20 kHz with turn-off times as low 
as 2.5 1 sec for 200-V devices. 


Gate turn off thyristor is described briefly in the next section. The latest semiconductor 
device to enter the family of thyristors is MOSFET-controlled thyristor (MCT) and this is 
already described in Chapter 2. 


4,11, GATE TURN OFF (G,T.0.) THYRISTOR 


@ A gate turn-off thyristor, a pnpn device, can be turned on like an ordinary thyristor by a 

pulse of positive gate current. In inverter and chopper circuits, a thyristor can be. turned off 

| by forced commutation. For such applications, a GTO is, however, a more versatile device ; 

it can be easily turned off by a negative gate pulse of appropriate amplitude. GTOs were 

developed sometimes in the late 1960s but these could not find commercial use because of 

certain performance problems. Only recently, modern technology has helped in the improved 
performance of GTOs and these are now being used in several commercial inverters. 


As no forced commutation circuitry is required for GTOs, inverters using these devices 
are compact and cost less. The negative gate current required to turn off a GTO 1s quite a 
large percentage (20 to 30%) of anode current prior to commutation. For example, an 800 A 
GTO will require a negative current pulse of 200 A peak for turning it off. Fig. 4.50 (a) gives 
the circuit symbols of a GTO. The symbols shown in (a) (f) and (iz) are self explanatory, gate 
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| = Z00mA, 
SCR operation 





Ig= 200M<A, 
Tr. operation 





OK IK 
(ii) (iii) 


Anode voltage 
(at) (5) ~< 
Fig. 4.50. Gate turn-off thyristor (a) circuit symbol and (5) its static V-J characteristics. 
current can go in for turning on and out for turning off. But the symbol a (iii) looks easy 
when circuit configurations using GTOs are to be drawn. 

4.11.1. Static V-I Characteristics of GTOs 

Typical static V—J characteristics for a GTO thyristor are shown in Fig. 4.50 (0), It is 
seen from these characteristics that latching current for large power GTOs is several amperes 
(here 2A) as compared to 100-500 mA for conventional thyristors of the same rating. If gate 
current is not able to turn on the GTO, it behaves like a high voltage, low gain transistor 
with considerable anode current. This leads to a noticeable power loss under such conditions. 

4.11.2. Switching Performance 

A basic gate drive circuit for a GTO is shown in Fig. 4.51 (a). For turning-on a GTO, first 
transistor TR1 is turned on, this in turn switches on TR2 to apply a positive gate-current 
pulse to turn on GTO. For turning off the GTO, the turn-off circuit should be capable of 
outputting a high peak current. Usually, a thyristor is used for this purpose. In Fig, 4.51 (a), 
turn-off process is initiated by gating thyristor T1. When T1 is turned on, a large negative 
gate current pulse turns off the GTO. 

Gate turn-on. The turn-on process for a GTO is similar to that of a conventional thyristor, 
Gate turn-on time for GTO is made up of delay time, rise time and spread time like a thyristor. 
Further, turn-on time in a GTO can be decreased by increasing its forward gate current as 
in a thyristor. 

Gate turn-off. The turn-off characteristics of a GTO are different from those of an SCR. 
Before the initiation of turn-off process, a GTO carries a steady current J,, Fig. 4.51 (6). This 
figure shows a typical turn-off dynamic characteristic for a GTO. The total turn off time f, is 
subdivided into three a siterent periods ; namely the storage period (f,), the fall period (¢,) aaa 
the tail period (t,). In other words, 


t=t,+tp+ ty. 


Initiation of turn-off process starts as soon as negative gate current begins to flow after 
t=0. The rate of rise of this gate current depends upon the gate circuit inductance and the 
gate voltage applied. During the storage period, anode current J, and anode voltage (equal 


to on-state voltage drop) remain constant. Termination of the storage period is indicated by 
a fall in J, and rise in V,. During ¢,, excess charges, i.e. holes, in p-base are removed by 


negative gate current and the centre junction comes out of saturation. In other words, during 
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storage time f,, the negative gate current rises to a particular value and a gt Se Ca 
for turning-off (or commutation). by flushing out the stored carriers. After bas oe e ee 
begins to fall rapidly and anode voltage starts rising. AS shown in Fig. aE = a. 
current falls to a certain value and then abruptly changes its rate of fall. This " sore 
which anode current falls rapidly is the fall time t, Fig. 4.51 (b) and is of t ; or + 
1 usec [4]. The fall period ¢; is measured from the instant gate current is maximum nega 

to the instant anode current falls to its tail current. 









Va=Ve 
GTO Te 


TR2 





f- Spike voltage 
: Ga | ‘Tail current 
: —— ee 
7 TI te | os *—Gate current 
| --- Igp 
(B) 


ig. 4.5 ic gate-drive for a GTO 
(6) Sia sen arene rtp at during turn-off of a GTO. 

At the time t=¢,+t, there is a spike in voltage due to abrupt current sal seed tp 
anode current i, and anode voltage v, keep moving towards their turn-off values a ee 
t, called tail time. After ¢,, anode current reaches zero value and Va undergoes a vee 7 
overshoot due to the presence of R,, C, and then stabilizes to its offsite velne.cay a as 
source voltage applied to the anode circuit. Here R, and C, are the snubber Ea 2 
The turn-off process is complete when tail current reaches zero. The aver enods 5 Se 
tail current can be decreased by increasing the size of C,, but a compromise wil bk 
loss must be made. The duration of ¢, depends upon the device characteristics e 

A GTO has the following disadvantages as compared to a conventional thyristor ‘ 

(i) Magnitude of latching and holding currents is more in a GTO. 
Gi) On state voltage drop and the associated loss is more in a GTO. ae 
(iii) Due to the multicathode structure of GTO, triggering gate current is highe 
that required for a conventional SCR. : 
(tu, te drive circuit losses are more | at As 
ie OE eee ace blocking capability is less than its Revers sole ee 
capability. But this is no disadvantage so far as inverter circuits are ¢ | 
In spite of all these demerits, CTO has the following advantages over an SCR : 
(i) GTO has faster switching speed. 
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(ut) Its surge current capability is comparable with an-SCR. 
(it) It has more di/dit rating at turn-on. 
(ev) GTO circuit configuration has lower size and weight as compared to SCR circuit 
unit. 
(v) GTO unit has higher.efficiency because an increase in gate-drive power loss and 
; on-state loss is more than compensated by the elimination of forced commutation 
losses. 
(vt) GTO unit has reduced acoustical and electromagnetic noise due to elimination of 
commutation chokes. 

In view of the above facts, GTO devices are now being used for (a) high-performance drive 
systems, such as the field-oriented control scheme used in rolling mills, robotics and machine 
tools [4], (6) traction purposes because of their lighter weight and (c) adjustable-frequency 
inverter drives. At present, GTOs with ratings up to 2500 V and 1400 A are available. 

4.12. FIRING CIRCUITS FOR THYRISTORS 

An 5CR can be switched from off-state to on-state in several ways ; these are 
forward-voltage triggering, dv/dt triggering, temperature triggering, light triggering and 
gate PBBering, see Art. 4. 2. The instant of ParAINE on 1 the nCE cannot be controlled by the 
in a series- suanhecked string. Gate triggering j is, however, the most common mi riethiod of bata 
on the SCRs, because this method lends itself accurately for turning on the SCR at the desired 
instant of time. In addition, gate triggering is an efficient and reliable method. In this section, 
firing circuits for thyristors are studied in detail. 

4.12.1. Main Features of Firing Circuits 

As stated above, the most common method for controlling the onset of conduction in an 
SCR is by means of gate voltage control. The gate control circuit is also called firing, or 
triggering, circuit. These gating circuits are usually low-power electronic circuits. A firing 
circuit should fulfil the following two functions. 

(¢) If power circuit has more than one SCR, the firing circuit should produce gating pulses 
for each SCR at the desired instant for proper operation of the power circuit. These pulses 
must be periodic in nature and the sequence of firing must correspond with the type of 
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_\ Fig. 4.52, A general layout of the firing circuit scheme for SCRs. 


Downl From : www.EasyEngineering. 
© Wiki Engineering ownloaded From : www.Eas 


Or —— ————————— Sd = — 


= 





Downloaded From : www.EasyEngineering.net 


130 [Art. 4.12] Power Electronics 


thyristorised power controller. For example, in a single-phase semiconductor using two SCRs, 
HM! Gtevering circuit must produce one firing pulse in each half cycle; in a 3-phase full 
converter using six SCRs, gating circuit must produce one trigger pulse after every 60° 
interval. 

(iz) The control signal generated by a firing circuit may not be able to turn-on an SCR. 
It is therefore common to feed the voltage pulses to a driver circuit and then to gate-cathode 
circuit. A driver circuit consists of a pulse amplifier and a pulse transformer. 

A firing circuit scheme, in general, consists of the components shown in Fig. 4.52. A 
regulated de power supply is obtained from an alternating voltage source. Pulse generator, 
supplied from both ac and de sources, gives out voltage pulses which are then fed to pulse 
amplifier for their amplification. Shielded cables transmit the amplified pulses to pulse 
transformers. The function of pulse transformer is to isolate the low-voltage gate-cathode 
circuit from the high-voltage anode-cathode circuit. Some firing circuit schemes are described 
in this section. 

4.12.2. Resistance and Resistance-Capacitance Firing Circuits 

R and RC firing circuits are not in commercial use these days. These are presented here 


- for the sake of highlighting the basic principles of triggering the SCRs. They offer simple and 


economical firing circuits [3]. 

(a) Resistance firing circuits. As stated above, resistance trigger circuits are the simplest 
and most economical. They however, suffer from a 
limited range of firing angle control (0° to 90°), great 
dependence on temperature and difference in 
performance between individual SCRs. 

Fig. 4.53 shows the most basic resistance 
triggering circuit. A, is the variable resistance, F is 
the stabilizing resistance. In case A, is zero, gate 
current may flow from source, through load, A,, D and 
gate to cathode. This current should not exceed 
maximum permissible gate current I,,,. Ry can 
therefore, be found from the relation, 


| We = Ver Sin wit 


a Vin Q. 
Rr, stem Or rere eg 4.20 a) 





where V_,=maximum value of source voltage 
It is thus seen that function of R, is to limit the Fig. 4.53. Resistance firing circuit. 
gate current to a safe value as R, is varied. 
Resistance R should have such a value that maximum voltage drop across it does not 
exceed maximum possible gate voltage V,,,. This can happen only when A» is zero, Under this 
condition, 





Ven | 
-Rp<vV 
A,t+ik iy Vig 
bone Vam' *y 
or Fee ee (4.20 6) 
Vie — Vom 


As resistances R, R, are large, gate trigger circuit draws a small current, Diode D allows 
the flow of current during positive half cycle only, i.e. gate voltage uv, is half-wave dc pulse. 
The amplitude of this de pulse can be controlled by varying F,. 
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The potentiometer setting R, determines the gate voltage amplitude. When R, is large, 
current i is small and the voltage across R, i.e. v, =iR is also small as shown in Fig. 4.54 (a). 
As V,, (peak of gate voltage v,) is less than Vz (gate trigger voltage), SCR will not turn on. 
Therefore, load voltage v, = 0, i, = 0 and supply voltage v, appears a8 Up across SCR as shown 
in Fig. 4.54 (a). Note that trigger circuit consists of resistances only, v, is therefore in phase 
with source voltage v, In Fig. 4.54 (6), Ry is adjusted such that V,,= Vip This gives the value 
of firing angle as 90°. The various current and voltage waveforms are shown im Fig. 4.54 (0). 
In Fig. 4.54 (ec), Ves > Vir. As soon as V, becomes equal to ie for the first time SCR is turned 
on. The resistance triggering cannot give firing angle beyond 90°. Increasing vu, above Vege 
turns on the SCR at firing angles less than 90°. When v, reaches V,, for the first time, SCR 
fires, gate loses control and vu, is reduced to almost zero (about 1 V) value as shown. It may 


Vmsinut 






(a) | (6) j dive (c) 
Fig. 4.54, Resistance firing of an SCR in a half-wave circuit with de load 
(a) No triggering of SCR (b) a= 90° (ce) a < 90°. 
also be seen that firing angle can never be equal to zero degree however large Vep may be ; 
it can, of course, be brought nearer (2°-4°) to zero degree firing angle. Arelationship between 
, peak gate voltage V,,, and gate trigger voltage V, may be expressed as follows : 


; Vp sin a= Vi 
or a =sin * (V,/V ep) 
V,, 2 
Since V 


oa | Ver: aa 
a = sin aster ame R 
As V,, &,, Rand V,, are fixed, Of = sin” (Ra) or a = Ro. 
This shows that firing angle is proportional to R,. As Ry is increased from small value 
(i.e. small a), firing angle increases. In any case, & can never be more than 90°. 
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As the firing angle control is from 0° (approximately) to 90°, the half-wave power output 
can be controlled from 100% (for a= 0°) down to 50% (for #=90*), 

Example 4.23, Discuss what would happen to the circurt of Fig. 4.53 in case load is shifted 
between terminals a and 6. 

Solution. In the circuit of Fig. 4.53, when SCR is on, voltage vy across it is almost zero 
(actually about 1 to 1.5 V) and therefore voltage across f,, Ko, D, Ris also nearly zero. As a 
result, trigger supply voltage v, is reduced to zero after SCR turn-on. There is thus hardly 
any gate current and the associated gate power loss is zero during the time SCR is conducting 
in Fig. 4.63. 

In case load is shifted between terminals a and 5, the circuit may still operate. But after 
SCR turn-on, the circuit comprising of R,, R,,D and gate to cathode would be subjected to 
source voltage, This would cause an increased gate current and the associated gate power 
loss would be more during SCR turn on. Such an happening would certainly burn out the 
gate circuit and destroy the SCR. This shows that load should never be connected between 
terminals a and 6 in Fig. 4.53. 

(b) RC firing circuits. The limited range of firing angle control by resistance firing 
circuit can be overcome by RC firing circuit. There are several variations of RC trigger circuits. 
Here only two of them are presented. 

(i) RC half-wave trigger circuit. Fig. 4.55 illustrates RC half-wave trigger circuit. By 
varying the value of R, firing angle can be controlled 
from 0° to 180°. In the negative half cycle, capacitor 
C charges through D2 with lower plate positive to 
the peak supply voltage V,, at wt=- 90°. After 
tot =— 90°, source voltage v, decreases from — V,, at 
wt=-90° to zero at wt=0°. During this period, 
capacitor voltage vg may fall from —V,, at 
wt=-— 90° to some lower value —oa at at=0" as 
shown in Fig, 4.56. Now, as the SCR anode voltage 
passes through zero and becomes positive, C begins i a ar 
to charge through variable resistance R from the Fig. 4.55, RC half-wave trigger circuit, 
initial voltage —oa. When capacitor charges to 





positive voltage equal to gate trigger voltage V,,, SCR is fired and after this, capacitor holds _ 


to a small positive voltage, Fig. 4.56. Diode D1 is used to prevent the breakdown of cathode 
to gate junction through D2 during the negative half cycle, An examination of Fig. 4.56 reveals 
that firing angle can never be zero and 180°. 

In the range of power frequencies, it may be empirically shown [3] that RC for zero output 
voltage is piven by 





RC > ES = 2 (4,21) 
2 ay 
where T= ; = period of ac line frequency in seconds. 


The SCR will trigger when v.=V,, + vg, where v, is the voltage drop across diode D1. At 
the instant of triggering, if v, is assumed constant, the current J,, must be supplied by voltage 
source through R, D1 and gate to cathode circuit. Hence the maximum value of R is given by 
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U, 2 Fl, + U. 
or v, 2 RI + Viet Ug 
V, 
or Rese (4.22) 
gt 


where v, is the source voltage at which thyristor turns on. Approximate values of R and C 
can be obtained from Eas. (4.21) and (4.22). 





b 
Fie. 4.56. Waveforms for RC half-wave trigger citebik of 
Fig. 4.55 (a) high value of & (5) low value of FR. 

When SCR triggers, voltage drop across it falls to 1 to 1.5 V. This, in turn, lowers the 
voltage across R andC to this low value of 1 to 1.5 V. Low voltage across SCR during 
conduction period keeps C discharged in positive half cycle until negative voltage cycle across 
C appears. This charges C to maximum negative voltage — V,, as shown in Fig. 4.56 by dotted 
line. In Fig. 4.56 (a), R is more, the time taken for C to charge from —oa to (V,,+Uq)=V,q 18 
more, firing angle is more and therefore average output voltage is low. In Fig. 4.56 (6), Fis 
less, firing angle is low and therefore average output voltage is more. 

(it) RC full-wave trigger circuit. Asimple RC trigger circuit giving full-wave output voltage 
is shown in Fig. 4.57. Diodes D1—D4 form a full“wave diode bridge. In this circuit, the initial 
voltage from which the capacitor C charges is almost zero. The capacitor C is set to this low 
positive voltage (upper plate positive) by the Vp 
clamping action of SCR gate. When capacitor 
charges to a voltage equal to V_,, SCR triggers 
and rectified voltage v, appears across load as 
Ug. The value of RC is calculated by the 
empirical relation [5], Sie | 
TT  Td7 Ve = Vm sinut 





RC 250 a ar (4,23) 
As per Eq. (4.22), the value of A is given : - 
by Fig. 4.57. RC full-wave trigger circuit. 
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U, = Vet 
ae 
where v, is the source voltage at which thyristor turns on. In Fig. 4.58 (a), firing angle © is 
more than 90° and in Fig. 4.58 (6), a < 90°. 
4.12.3. Unijunction Transistor (UdT) | | | Peas A peck 
Resistan d RC triggering circuits described above give prolonged pulses. ©» 3 eee. 
cuter diamedia in the ork circuit is large. At the same time, F and RC triggering circuits 
cannot be used for automatic or feedback control systems. These difficulties can be overcome 
xy the use of UJT triggering circuits. | } | 
" Pulse triggering is preferred as it offers several merits over K and RC triggering. Gate 
characteristics have a wide spread, Fig. 4.9. Pulses can be adjusted easily to suit such a wide 
spectrum of gate characteristics. The power level in pulse triggering 1s low as the gate drive 
‘s discontinuous, pulse triggering is therefore more efficient. As pulses with higher gate 
current are permissible, pulse firing is more reliable and faster. In this secuon, Hirst UJT is 
described along with its characteristics and then its use as a relaxation oscillator for 
triggering SCRs is presented. 


R< 








a (5) 
Ag 4.58. Wave-forms for RC full-wave trigger circuit of 
Fig. 4.57 (a) high value of R (6) low value of KR. — 

An UJT is made up of an n-type silicon base to which p-type emitter is embedded, Fig. 
4.59 (a). It has three terminals, namely the emitter E, base-one B, and base-two Bo. Between 
bases B, and By, the unijunction behaves like an ordinary resistance, Rp, and Hg are the 
internal resistances respectively from bases B, and B, to eta point A, Fig. 4.59 (a). Its symbolic 
representation is given in Fig. 4.59 (b) and its equivalent circuit in Fig. 4.59 (c). 

When a voltage Vpp is applied across the two base terminals B, and By, the potential of 
point A with respect to B, is given by 

¥, Rp; Pena 
Vani = B+ Rap ‘Rp “Ra, +Faa Vep= Vaz 
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where 7 = ——---— is called the intrinsic stand-off ratio. Typical values of n are 0.51 to 0.82. 


Rg; + Rg 


Interbase resistance Raz = Rp;.+ Ro is of the order of 5-10 kQ. 


Bi 
(b) 





B63 


B>- 





Eta-point 





(¢) 
Fig. 4.59. (a2) Basic structure of UJT (6) symbolic representation and 
(c) its equivalent circuit. 


Let a voltage V, be applied between emitter E and base B, so that £ is positive with 
respect to B,, Fig. 4.59 (cL Let this voltage be increased from zero. As long as the emitter 
voltage V, <1) Vay, the FE -B, unijunction (or p—7n junction) is reverse biased and emitter 
current J, is negative as shown by the curve PS in Fig. 4.60. When the emitter voltage V, is 


equal to 71 Vag + Vp at point B, J, is positive and E — B, junction begins to conduct. Here Vy . sy 


is the forward voltage drop of E —B, junction. 


Point B is called the peak point and the 
corresponding emitter potential and current are 
denoted by V, (peak-point voltage) and I, 
(peak-point eaerant) respectively. At point B, wfieti 
V. = Veg+ Vp, the emitter starts to inject holes 
into the lower base region 1. Because of the 
increased number of carries in the base region, 
resistance K,, of H-B, junction decreases. As a 
result, potential of eta point A, Fig. 4.59 (c), falls 
and therefore current J,, due to voltage V,, 
increases. Thus the device exhibits a negative 
resistance region, this is shown by BC in Fig. 4.60. 
In this region, an increase in current J, is 
accompanied by a decrease of emitter voltage V,. 


At point C, entire base region is saturated and — 


resistance R,, does not decrease any more. A 


Vee ee load line 
Sats Ls ee 





le 
Fig. 4.60. V—I ciavasheninties of UJT. 


further increase in J, is accompanied by a rise in voltage V,. This curve is given by CQ. Point 
C is called the valley point ; V, andJ, are the corresponding emitter potential and current. 
The negative resistance region between peak and valley points in Fig. 4.60 gives UJT the 
switching characteristics for use in SCR triggering circuits. 


UJT oscillator triggering. The unijunction transistor is a highly efficient switch ; its 


switching time is in the range of nanoseconds, 
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i i r. Fig ! ‘ a circuit diagram 
characteristic it can band ga relation Ta yenstancen yar eal 
sciendpaatowtel the internal resistances Kp), Ripe of UJT pee es Hares eee, 
should be such that its load line intersects the device characteristics only 

istance region. | 
Se ei (a), when source voltage Vag is applied, capacitor c ace : ae eee 
R exponentially towards Vpp- During this charging, mieesticeon of U 
The capacitor voltage v,, equal to emitter voltage v,, 1s given by 


: ) —t/RC 
v.=0.=Vap(1-¢ ) 


The time constant of the charge circuit is T,=RC. 


Ve 





Capacitor Vest Y Capacitor 


Fig. 4.61, UJT oscillator (a) Connection diagram and (b) Voltage wavetorms. 


When this emitter voltage v, (or U,) reaches the peak-point voltage s 7 oes ek dly 
ae ee | se. Se rigacl ies q result, UJT turns on and capacit : 
nijunction between E — B, breaks down. As e ee - Sede. aller 
‘nse through low resistance R, with a time constant T= es ree ety as The 
| eet ter decavs to the valley-point voltage V,, Ue+ ™ as 
an t.. When the emitter voltage decays tot Mia | eae ee 
eae . required for capacitor C to charge from initial voltage V, to peak-point voltage V;,, 
through large resistance Ff, can be obtained as under : ror 
V, = Vas + Vo = Vo t+ Vea -@ ) 


F = TYRE: 
Assuming Vo=Vp nN=O-e ) 
1_re in |——| (4.24) 
3 oo 1-7 


In case T' is taken as the time period of output pulse duration (neglecting small discharge 
time), then the value of firing angle a, is given by 





ot, =a0=aRC In - (4,25) 


1 
1) 

there wis the angular frequency of UJT oscillator. ) sates 
“atthe inipttende d pulse voltage is obtained by drawing a load line B for . . SS ahh 
Fic. 4.60. The vertical projection of Bb, equal to xy, gives the valteee eS a on gs ; ‘at 
see discharge of capacitor, the operating points B and b move ee a Pie eae 
q, the pulse amplitude 18 x71. Eventually, point C is reached at which puls L 
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then the operating point shifts to a, Fig. 4.60, The potential of eta point A is 71Vp,, but that 
of the emitter is V,, which is less than nVp,. As a result, H — B, unijunction is reverse biased 
and ceases to conduct, the UJT turns off and goes into blocking mode. Capacitor C now again 
charges from V, = V,, to voltage )Vp_ + Vp, E — 8B, unijunction breaks down and the above cycle 
repeats. 

If the output voltage pulses are used for triggering an SCR, resistance R, should be 
sufficiently small so that normal leakage current drop across R,, when UJT 1s off, is not able 
to trigger the SCR. In other words, 

Varn’ Ay 
Repth, +Ro 
where Ages =p, + Rao 


< SCR trigger voltage va 


The emitter-diode forward characteristics vary with temperature in such a manner that 
Vp decreases and App increases with temperature. In order to provide compensation against 
this thermal effect, the value of A, used in Fig. 4.61 should be calculated from the relation 

10° 

1Vpp 

The width of triggering pulse is sometimes taken equal to R,C. 

In case load line for # intersects the UJT characteristics in the region CQ, Fig. 4.60, the 
intersecting point will result in stable operating point and the circuit then cannot work as 
an oscillator. This fact fixes the maximum and minimum values of charging resistor R and 
the oscillator output frequency. 

The maximum value of F is determined by the peak-point values V, and J,. When voltage 
across C reaches V,,, the voltage across & is Vp, — V,,. 


Vap-Vp_ Vee- (Vza+ Vp) 


Ro= . (4.26) 


Fimax = L, =— i, .A427a) 
The minimum value of R, governed by valley-point values V,, and J, is given by 
Van — V, 
Resin =—7 — (4.276) 


Example 4.24. A relaxation oscillator using an UJT, Fig. 4.61 (a), is to be designed for 
triggering an SCH. The UJT has the following data : 


1 =0.72,1,=0.6mA,V,=18.0 V, V,=1.0V,1,=2.5 mA, Rg,=5 kQ, Normal leakage 
current with emitter open = 4.2 mA. 


The firing frequency ts 2 kHz. For C = 0.04 uF, compute the values of R, R, and Rs: 
Solution. The value of charging resistor R, from Eq. (4.24), is 





R=—*__ = —_+__ . —__* ____ - 9.82 
Cln>— fons 2000 x 0.04 In 7 
As Vp is not given, V,=11Vzge 
Vp _ 18,00 
se ees Se 
BB = "9.72 29% 
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| 10° ay 
From Eq. (4.26), R,= 072x295 555.50 Q 
With emitter open, | Vpr = Leakage current (A, + Fo + Fipp) 
Ry = —2> x — 5000 ~ 555.55 Q = 396.83 = 397 2 


” 4.2x10° | 
Example 4.25. If the firing frequency of the SCR in Example 4.24 is changed by varying 
charging resistor R, obtain the maximum and minimum values of R and the corresponding 
frequencies. 
Solution. 
25 (1 -—0.72 ¥ 
From Eq. (4.17), Rag = og? = 11.67 kO 
0.6 x 10 
R_,, = 250-10 _9 640 
to) “ood Os 
| 1 1 
From Eq. (4.24), min = | oe a er 
=n Ue Ln 








1-1, 
3 10° _— = 1682.8 Hz = 1.683 kHz 
11.67 x 0.04 In 0.28 
ee —— 10" ‘= 2045.7 Hz = 2.05 kHz 
9.6 x 0.04 In 0.28 
Synchronized UJT triggering (or Ramp triggering). A synchronized UJT trigger 
circuit using an UJT is shown in Fig. 4.62. Diodes D, - D, rectify ac to dc. Resistor R, lowers 
V,,, to a suitable value for the zener diode and UJT. Zener diode Z functions to clip the rectified 
voltage to a standard level V,, which remains constant except near the V,;, zero, Fig. 4.63. 
This voltage V, is applied to the charging circuit RC. Current 1, charges capacitor C at a rate 
determined by R. Voltage across capacitor is marked by v, in Figs. 4.62 and 4.63. When voltage 
v, reaches the unijunction threshold voltage nV,, the E - B, junction of UJT breaks down and 
the capacitor C discharges through primary of pulse transformer sending a current ty as 
shown in Fig. 4.62. 





and 


Pulse Transf. 


1 Go| GATES 





_— Gy 
ae TO SCR 
Fig. 4.62. Synchronised UJT trigger circuit. 


Downloaded F .EasyEngi ing.net 
© Wiki Enginering ae acinar 


Downloaded From : www.EasyEngineering.net 
Thyristors | [Art. 4.12] 139 - 


As the current i, is in the form of pulse, windings of the pulse transformer have pulse 
voltages at their secondary terminals. Pulses at the two secondary windings feed the same 
in-phase pulse to two SCRs of a full-wave circuit. SCR with positive anode voltage would turn 
on. As soon as the capacitor discharges, it starts to recharge as shown. Rate of rise of capacitor 
voltage can be controlled by varying R. The firing angle can be controlled up to about 150°. 
This method of controlling the output power by varying charging resistor F is called ramp 
control, open-loop control or manual control. 


As the zener diode voltage V, goes to zero at the end of each half cycle, the synchronization 
of the trigger circuit with the supply voltage across SCRs is achieved. Thus the time ¢, equal 
to «/w, when the pulse is applied to SCR for the first time, will remain constant for the same 
value of R. Small variations in the supply voltage and frequency are not going to effect the 
circuit operation. 





(a) — (b) 
Fig. 4.63. Generation of output pulses for the circuit of Fig. 4.62. 
In case R is reduced so that v, reaches UJT threshold voltage twice in each half cycle as 


shown in Fig. 4,63 (6), then there will be two pulses in each half cycle. As the first pulse will 
be able to turn-on the SCR, second pulse in each cycle is redundant. 


Ramp-and-pedestal triggering. Ramp and pedestal triggering is an improved version 
of synchronized-UJT-oscillator triggering. Fig. 4.64 shows the circuit for ramp-and-pedestal 
triggering of two SCRs connected in antiparallel for controlling power in an ac load. This 
trigger circuit can also be used for triggering the thyristors in a single-phase semiconverter 
or a single-phase full converter. The various voltage waveforms are shown in Fig. 4.65. 





Fig. 4.64. Ramp and pedestal trigger circuit for ac load. 
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Zener diode voltage V, is constant at its thresh-hold voltage. R, acts as a potential divider. 
Wiper of R, controls the value of pedestal voltage V,, Diode D allows C to be quickly charged 
to V,q through the low resistance of the upper portion of Ry. The setting of wiper on A» is 
such that this value of V,,, is always less than the UJT firing point voltage nV,. When wiper 
setting is such that V pd 18 Small, Fig. 4.65 (a), voltage V, charges C through R. When this 
ramp voltage v, reaches nV,, UJT fires and voltage v,, through the pulse transformer, is 





7 h 
Fig. £68. Waveforms for ramp-and-pedestal circuit of Rie 484 
transmitted to the gate circuits of both SCRs T1 and T2. The forward biased SCR T1 is turned 
on. After this, v. reduces to Vod and then to zero at wt =n. As v, is more than Vad» during the 
charging of capacitor C through charging resistor R, diode D is reverse biased and turned off. 
Thus V,q does not effect in any way the discharge of C through UJT emitter and primary of 
pulse transformer. From 0 tox, T1 is forward biased and is turned on. From x to 2n, T2 is 
forward biased and is turned on. In this manner, load is subjected to alternating voltage v, 


as shown in Fig. 4.65. 

With the setting of wiper on R,, pedestal voltage V pq on C can be adjusted. With /ow 
pedestal voltage across C, ramp charging of C to1Vz takes longer time, Fig. 4.65 (a) and 
firing angle delay is therefore more and output voltage is Jow. With high pedestal on C, 
voltage-ramp charging of C through A reaches 1Vz faster, firing angle delay is smaller, Fig. 
4.65 (6) and output voltage is high. This shows that output voltage is proportional to the 
pedestal voltage. 

The time T required for the capacitor to charge from pedestal voltage V,, to 1V, can be 
obtained from the relation 

nV, = Vig t (Vz — Vpq) (L-e 7**) 
Note that (V, — V,,) is the effective voltage that charges C.from V,,, to nV,. From above 
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V_-V 
T=RC in —2—* (4.28) 
¥,(L—7) 
and the firing angle delay a, is given by 
V,-V_ 
ae ae 
a, = 0 RC In V.d-n (4,29) 


4.13. PULSE TRANSFORMER IN FIRING CIRCUITS 

Pulse transformers are used quite often in firing circuits for SCRs and GTOs. This 
transformer has usually two secondaries. The turn ratio from primary to two secondaries is 
2:1:1or1:1: 1. These transformers are designed to have low winding resistance, low 
leakage reactance and low inter-winding capacitance. The advantages of using pulse 
transformers in triggering semiconductor devices are : 

(t) the isolation of low-voltage gate circuit from high-voltage anode circuit and 
(ii) the triggering of two or more devices from the same trigger source, 

A square pulse at the primary terminals of a pulse transformer may be transmitted at 
its secondary terminals faithfully as a square wave or it may be transmitted as a derivative 
of the input waveform. The conditions governing the operation of a pulse transformer in these 
two functional modes are now examined. 

A general layout of the trigger circuit using a pulse transformer is shown in Fig. 4.66 (a). 
Here the function of the diode is to allow the flow of current after the pulse period (r.e. when 
the transistor is off) so that energy stored in the primary of pulse transformer is dissipated. 


RL Pulse transt 





transtormer 








(a) : 
Fig. 4.66. (a2) Pulse transformer trigger circuit (6), (c) and (d) its equivalent circuits. 
In Fig. 4.66 (a), the transistor is acting simply as a switch, turning on when the pulse 
applied to its base is at its high level, thereby connecting the dc bias V, to the transformer 
primary. The advantage of this arrangement are two fold : 
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(a) There need not be a variable strength pulse generator since the pulses may be of the 
same amplitude and the strength of the generated pulses may be increased simply by varying 
the dc bias voltage. 


(6) The operation of the circuit becomes independent of the pulse characteristics since the 
only role the pulse plays is to turn-on or turn-off, the transistor. Therefore, there is no effect 
of pulse distortion (e.g. pulse edges or any spike superimposed on the pulse) on the working 
of this circuit. 

In Fig. 4.66 (a), R, limits the current in the primary circuit of pulse transformer. Its 
equivalent circuit is drawn in Fig. 4.66 (6), where L is the magnetizing inductance of the 
pulse transformer and R, is the resistance of gate-cathode circuit of an SCR. Fig. 4.66 (c) 
shows the transfer of R, to pulse transformer primary as R,= N, R, This circuit can be 
analysed by applying Thevenin’s theorem at the terminals a b. Fig. 4.66 (dq) is the Thevenin’s 
equivalent circuit, where 














| fy _ fy Ry 
Yo> VaR aR, and 0= BR, 
The voltage equation for Fig. 4.66 (d) is 
| Swett 
Vo = Ro i+ L di 
oy Rik, ., di 
or VER aR Rothe dt 
R, +, \ di 
or Va=R,i+h R, |dt 
5 5 | = air 
Its solution is given by t= R, 1l—e L(R, +R8,) 


The voltage across L appears as the output voltage. The magnitude of this voltage from 
pulse transformer is 


di VaR, RR, 


- = t 
Vag Ry ey 
ee /L)t (4,30) 
or , Rerdn 
pe 
where OR +R, 


Depending upon the values of R,andL, there are two functional modes of pulse 
transformer. 


(a) If L is so large as compared with A, that =. > 107, where T is the pulse width (Fig. 
fly 
4.67) of the input signal at G, then from Eq. (4.30), 


bie ec 
e=V;z ! ey t/10T) 





For ¢=0, 
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| ees Ry 
and for t=T, ep VER Ro *= 0.904 Vp B— R, = 0.904 e, 


Thus the fall in the pulse level during the transmission through the pulse transformer 


at f=T is very small. This shows that when Eos 10T, the input pulse is faithfully 





Fg 
transmitted as square pulse at the output terminals of pulse transformer as shown in Fig. 
4.67 (a). 
Ee ye 
(6) If Ry is so large as compared with L that R, <F0 then from Eq. (4.30). 
Ry 
E (lost 
e Vp Ay - Ay é 
| | Ry 
For £=0, VBR TR, 
and for t= T en= V ah e = 0.0000453- V ade, = 0.0000453 e 
: ain err Sir By) oe 


jinput voltage 


This shows that for © — a <. the input pulse is 
transmitted in the pin of exponentially decaying 
pulses as shown in Fig. 4.67 (6). It is seen that for a 
step rise in input voltage, the pulse transformer output 
is a positive pulse. In other words, the input signal is : 
transmitted as a derivative of the input waveform for 
a step rise. Likewise, for a step fall in input voltage, a 
negative pulse appears at the pulse transformer 
output. Fig. 4.67 (6). The operation of the pulse 
transformer in this mode can be achieved by using a 
small value of L, i.e. by using an air core for the pulse 
transformer. 








(0) 
It can thus be inferred from above that the deciding Fig. 4.67. Output voltage waveform 


factor in the waveshape of the output pulses from a ae eee oe 
pulse transformer is its inductance. If the pulse (a) => 10Tand (b) -<55 
transformer has large inductance, the pulses are : 
faithfully reproduced and if the inductance is small, the pulses are exponentially decaying 
pulses. 
The negative going pulses can be easily removed by using a clipper. 
The amplitude of the trigger voltage at the secondary terminals of pulse transformer is 
Nz R, 
aoe AY genase 
Ny R,+R, 
The magnitude of V, should be large enough to produce trigger voltage V,, at the gate 
circuit of SCR for its reliable turn on, i.e. 
No Vehy 
N, R,+R, 


V,= 


> Vii 
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N, Ry 
Ol V22 V. 1+— 
or Be "gi mt =) 
Ny 
But R= Ei R, 
2 
Nii; (Ne) Ay | 
1 ne wt431 
var vy |a(M) san 


In practice, exponentially decaying trigger pulses of Fig. 4.67 (6) are preferred due to the 
following reasons : 


(i) This pulse waveform is suitable for injecting a large charge in the gate circuit for 
reliable turn on. 

(ti) The duration of this pulse is small, therefore no significant heating of the gate circuit 
is observed. 

(ui) For the same gate-cathode power, it is permissible to raise V, to a suitable high 
value so that a hard-drive of SCR is obtained. A device with a hard-drive can 
withstand high di/dt at the anode circuit which is desirable. 

(iv) The size of the pulse transformer is reduced. For an extended pulse, large L (with 
jron-core) is required which increases size and cost of the pulse transformer. 


4.14. TRIAC FIRING CIRCUIT 
A triggering circuit for a triac using a diac is discussed in this section. 


Fig. 4.68 shows a triac firing circuit employing a diac. In this circuit, resistor 7 is variable 
whereas resistor R, has constant resistance. 
When F is zero, A, protects the diac and triac 
gate from getting exposed to almost full supply 
voltage. Resistor R, limits the current in the 
diac and triac gate when diac turns on. The 
value of C and potentiometer R are so selected 
as to give a firing angle range of nearly 
0° and 180°. In practice, however, a triggering 
angle range of 10° to 170° is only possible by the 
firing circuit of Fig. 4.68. 


Variable resistor A controls the charging 
time of the capacitor C and therefore the firing 
angle of the triac. When F is small, the charging 
time constant, equal to (R, + R) C, is small. Therefore, source voltage charges capacitor C to 
diac trigger voltage earlier and firing angle for triac is small. Likewise, when R is high, firing 
angle of triac is large. 


Fig. 4.68. Firing circuit for a triac using a diac. 


When capacitor C (with upper plate positive) charges to breakdown voltage V,, of diac, 
diac turns on. As a consequence, capacitor discharges rapidly thereby applying capacitor 
voltage v, in the form of pulse across the triac gate to turn it on. After triac turn-on at firing 
angle a, source voltage v, appears across the load during the positive half cycle for (t— a) 
radians. When v, becomes zero at wt = 1, triac turns off. After wt = 7, v, becomes negative, the 
capacitor C now charges with lower plate positive. When v, reaches V,, of diac, diac and triac 
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turn on and v, appears across the load during the negative half cycle for (m — a) radians. At 
wt = 2n, triac turns off again and the above process repeats. 

The waveforms for v,, v, vp; and vy are shown in Fig. 4.69 (a) for minimum RF and in Fig. 
4.69 (6) for maximum fF. Here v, is the source voltage, v, is the voltage across capacitor, vy 
is the voltage across triac and v, is the output or load voltage. After triac turn-on, capacitor 
C holds to a small positive voltage. 









Uo | i : ic 
de dee 4 tes Noel 





o— a ices (2nta 





a) 5) 
Fig. 189 Waveforms for triact firing circuit using a ine Sie 
(a2) pot. H adjusted to minimum and (5) pot. A adjusted to maximum. 
The waveforms shown in Fig. 4.69 are for | 
ideal circuit components in Fig. 4,68. In fact, 
this circuit produces unsymmetrical 
wavetorm for the positive and negative half 
cycles of load voltage. This asymmetry is, to | 
some extent, due to triac characteristics but ( 
it is mainly due to hysteresis present in the 
capacitor. This means that when v, is zero, 
vu. is not zero. In other words, capacitor 
retains some charge of the initial voltage a ee 
applied across its plates when source voltage Fig. 4.70. Commercial triac firing circuit 
falls to zero. The waveforms for positive and using a diac. 
negative half cycles can, however, be made 
symmetrical if additional resistance R, and capacitor C, are employed as shown in Fig. 4.70. 
This circuit is commercially used for controlling the power in lamp dimmers, heat convertors, 
speed control of fans ete. For inductive loads, snubber circuit must be used across the triac. 


Example 4.26. The firing circuit for a triac using a diac, Fig. 4.68, has the following data : 
R,=10000, R=zeroto 250000, C=0.5 pF, 
V, =230 V at 50 Hz, Diac breakdown voltage = 30 V. 


Find the magnitude of maximum and minimum firing-angle delays for the triac. The effect 
of load impedance may be neglected, 
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Solution. When the diac is not conducting, the current through R,, R and C is given by 


2 41/2: 
V, onl el 
L= Fe where Z |e, +R) + rae | 
| 2 51/2 
=| 1000* +|5—= = < | 
When R =0: B=) 1000" | Oe x 50 x 0.5 


= [10007 + 6366.27])"* = 6444.3 Q 
_1 l/aCt _; 6366.2 = , 
I, leads V, by an angle $=tan “R+R +R =tan “J000 > 81.07 


#2 230 /0° 
“1 6444.3 / —81.07° 

-. Voltage across capacitor V,=I/,-X, 

: 2305" — x 6366.2 / — 90° = 227.2 / - 8.93° 

or v, = V2 - (227.2) sin (wt — 8.93") 

When capacitor voltage v, reaches the breakdown voltage of the diac, the triac firing angle 
a, is given by 

vy, = V2 - (227.2) sin (0 — 8.93°) = 30 V 
30 


or a, =sin’ 5199727 8.93° = 14.3° 
When R = 25000 Q : Z = (260007 + 6366.2°} “7 = 26768 Q 
Soe rl 6366.2 | 76° 
to aoe rie 
9 cg OLE 
1” 96768 / —13.76° 
V.= 230 OsIe % 6366.2 / - 90° = 54.7 / - 76.24° 
or v, = V2 x 54.7 sin (wt — 76.24°) 


When pv, equal 30 V, let the firing angle be o, 
V2 x 54.7 sin (a, — 76.24°) =30 V 


30 | at es 
or O, = sin ‘(exar} 76,24° = 99.06 


Thus the maximum and minimum values of firing-angle delays are 
99.06° and 14.3° respectively. 


4.15. GATING CIRCUITS FOR SINGLE-PHASE CONVERTERS 


A gate trigger circuit for thyristors in phase-controlled rectifiers should possess the 
following : 


(i) A circuit for the detection of zero crossing of the input voltage. 
(ii) Generation of trigger pulses of required waveshape. 
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(zt) DC power supply for pulse amplifier. 
(tv) Gate trigger circuit isolation from the line potential by means of pulse transformers 
or optocouplers. 


Power circuit 






synchronizing 
Transf. 
Zero crossing 
Detector 






Pulse 
amplifier 


Input | Firing angle 
control signal Delay 





O-VEC 


Fig. 4.71. Block diagram of a thyristor gating circuit. 

A general block diagram for gate trigger circuit for single-phase converter is shown in 
Fig. 4.71. The gating circuit consists of synchronizing transformer, diode rectifier, zero 
crossing detector, firing-angle delay block, pulse amplifier, gate-pulse isolation transformer 
and power circuit for the converter. 

Synchronizing mid-tapped transformer steps down the supply voltage suitable for zero 
crossing detector and for delivering dc supply Vo, to gate trigger circuit. The zero crossing 
detector converts ac synchronizing input voltage into ramp voltage and synchronizes this 
ramp voltage with the zero crossing of the ac supply voltage as shown in Fig. 4.72. In the 
firing-angle delay block, the constant amplitude ramp voltage is compared with control 
voltage E,. When rising ramp voltage equals control voltage E,, a pulse signal of controlled. 
duration is generated as shown in Fig. 4.72. These signals are indicated as v, for thyristors 
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1 and 2 and v; for thyristors 3 and 4 for the power circuit of Fig. 4.71. If His lowered, firing 
angle decreases and in case Hy is raised, firing angle increases. This shows that firing-delay 
angle is directly proportional to the control signal voltage. The | pulse output from the 
firing-delay angle block are next fed to a pulse amplifier circuit. The amplified pulses arp 
then used for triggering thyristors 1, 2, 3 and 4 through gate-pulse isolation transformers as 
shown. 


Synchronizing 
“ Transf. voltage 





Ramp voltage from 
zero C.D. 







Control voltage E, 
l 





Oo me (ree) 20 3n (Gr+0) on wt 
Fig, 4.72. Waveforms for the circuit of Fig. 4.71. 

4.15.1. Gate Pulse Amplifiers an 

Pulse output from integrated circuits (ICs) may be directly fed to gate-cathode circuit of 
a low-power thyristor to turn it on. But in high-power thyristors, trigger-current requirement 
is high, Therefore, pulses derived from ICs must be amplified and then fed to thyristor for 
its reliable turn on. In a thyristor, anode circuit is subjected to high voltage whereas gate 
circuit works at a low voltage. Therefore, an isolation 1s essential between a thyristor and 
the gate-pulse generator. As stated before, this isolation is provided by an optocoupler or a 
pulse transformer. ) 

A pulse-amplifier circuit for amplifying the input pulses is shown in Fig. 4.73. It consists 
of a MOSFET (or a transistor), a pulse transformer for isolation and diodes D1, D2. When a 
voltage of appropriate level is applied to the gate of MOS FET, it gets turned on. AS a result, 
most of the de voltage Vcc appears across transformer primary and corresponding pulse 
voltage is induced in the transformer secondary. This amplified pulse on the secondary side 
is applied to gate and cathode of a thyristor to turn it on. When pulse signal applied to the 
gate of MOSFET goes to zero, MOSFET turns off. The primary current due to Voc tends to 
fall and likewise flux in core also tends to decrease. Due to this tendency, a voltage of opposite 
polarity is induced in both primary and secondary windings of pulse transformer. Diode D1 
on the secondary side of pulse transformer prevents the flow of negative gate current due to 
the reverse secondary voltage when MOSFET is off. Reverse voltage in primary, however, 
forward biases diode D2 when MOSFET is off. Current flow is thus established in the circuit 
consisting of primary, # and D2, As a consequence, energy in the transformer magnetic core 
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gets dissipated in R and the core flux gets reset. In case pulse width at the secondary terminals 
is to be increased, then a capacitor C is connected across R as shown in Fig. 4.73 (6). 





Vee I5V 


(a) )) 
Fig. 4.73. Pulse amplifier circuit using a MOSFET for a thyristor trigger circuit 
(a2) short-pulse output (6) long-pulse output. 
4.15.2. Pulse Train Gating 


Pulse gating is not suitable for inductive, i.e. RL loads, because initiation of thyristor 
conduction is not well defined for these types of loads. This difficulty for such situations can 





(a) (0) 
Fig. 4.74. Pulse train gating (a) circuit (6) waveforms. 
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tte sale Continuous gating, however, suffers 

Z a , ine the thyristor continuously. Continuous gating, 

e Laps es ap irene thyristor losses and distortion of output aia 

to: saturation of pulse transformer by continuous pulse. In order to er B 

shorteomin of continuous gate signal, a train of firmg pulses 1s used to pe ag | in oars 

A yulse soak of gating signal is also called high-frequency carrier a ae = eat a 

sin pinata by modulating the pulse width at a high frequency (10 to 30 4 : 

Fig. 4.74. a gen Ftp 5 Ws, - | 

A circuit for generating a pulse train 1s shown . ne: at pl ee nase nite 
TT : a 5BS ti FET. isolation pulse transformer a B Di, Ue. 2 
AND-logic gate, 555 timer, MCE : - car circuit and shown in the top of Fig. 4.74 
es | hal i the thyristor trigger circuit and snov c nT a, 
pulse signal v;, obtained eum 1own is also fed to the AND gate. 
wee ) ‘the timer 555 as shown is also fed to the : 
.). is fed to AND gate. The output v, of the | ret she Pea ges 

as cycle of the tamer should be less than 50% in order to allow Be et 

reset The pulse signal U; and timer output Ue are processed 1m the & ' ‘ si 

a aafieh output v, as shown. The output from AND gate 18 then applied to pulse amp <a 

circuit ta augment the amplitude of v, to vj. The amplified output waveform Uj, 18 © 

applied across gate-cathode terminals of a thyristor to turn it on. 

4.16. COSINE FIRING SCHEME eC eee oe 
Cosine firing scheme for thyristors in single-phase converters is shown eA) eile 
hronizing transformer steps down the supply voltage to an appro eee owt tc an ercized 

rele : foe achat is taken from the same source from which converter circuit 18 Se atte. 

le cgeise alee Leanizing transformer is integrated to get cosine-wave bs. 

The output voltage v, of synchronizing transiorn ae arc =. ae 

de sania voltage varies from maximum positive E,,, to maximum negative Fem $0 that 


synch. 


; Wy 
Transf. wv _ 
, , Integrator) 
: , a‘ : aE 
-Compara-| Y4_|Clock pulse 
i | | 





Vi 










, Lj 


. a 


—Ecmo Fig. 4.75, Cosine firing scheme for triggering thyristors. 


firing angle can be varied from zero to 180°, The cosine wave vy, is noes in eS 
1 and 2 with E, and-£,. When E, is high as compared to Uo, output vo aes as - ea 
from comparator 1. Same is true for comparator 2. So ae ee. 1 ae ae aes 
pulses vg and vy respectively as shown in Fig. 4.76. It is Because a gur - z eee 
is governed by the intersection of v. and E,. When £, 1s maximum, ing angle 1 . 
firing angle a in terms of V,,, and E, can be expressed as 


Vo, C08 a= E, 
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w =1) | ( , 
or a@=cos Vo, wo( 4.32) 





mn (xea) 2m " on “(3x+a) wt 
Fig. 4.76. Waveforms-for cosine firing scheme of Fig. 4.75. 

The signals vs, v, obtained from comparators are fed to clock-pulse generators 1, 2 to get 
clock pulses vs, vg as shown in Fig. 4.76. These signals v; uv, energise a JK flip flop tu generate 
output signals v; and v,. The signal v; is amplified through the circuit of Fig. 4.74 (a) and is 
then employed to turn on the SCRs in the positive half cycle. Signal v,, after amplification, 
is used to trigger SCRs in the negative half cycle. 

For a single-phase full converter, average output voltage is given by 


2V 
it 


Substituting the value of « from Eq. (4.32) in Eq. (4.33), we get 





cave -1 FE, |_|2Vm 1 | 2. 
Vo=—— cos eo me] = ale 
Vi =kKE, (4.34) 


This shows that cosine firing scheme provides a linear transfer characteristic between 
the average output voltage V, and the control voltage E,. This scheme, on account of its linear 
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transfer characteristic, improves the closed-loop response of the converter system. This 
feature has made the cosine firing scheme quite popular in industrial applications. 






PROBLEMS 


4.1. (a) What is a thyristor ? How has this term been coined ? Name the most popular thynstor. 

(b) Give constructional details of a typical thyristor. Sketch its schematic diagram and the circuit 
symbol. 

(c) Describe the different. modes of operation of a thyristor with the help ofits static V—J charac- 
teristics. 

4.2. Enumerate the various mechanisms by which thyristors can be triggered into conduction. 
Discuss briefly the techniques which result in random turn-on. But the other/others leading to reliable 
turn-on of thyristors should be described in detaul. 

4.3. (a) Define latching and holding currents as applicable to an SCR. Show these currents on its 
static V —J characteristics. 

(6) Describe, with a sketch, the effect. of gate current on the forward breakover voltage of an SCR. 

(¢) Discuss the methods of turning-on of a thyristor with its gate disconnected. 

(a) What are the necessary conditions for turning-on cf an SCR ? Discuss. 

4.4, (2) Define turn-on and turn-off times as applied to an SCR. 

(b) Draw switching (or dynamic) characteristics of a thyristor during its turn-on and turn-off 
processes. Show the variation of voltage across the thyristor and current through it during these two 
dynamic processes, Indicate clearly the various intervals into which turn-on and turn-off times can be 
subdivided. Discuss briefly the nature of these curves. 

4.5. (a) Can a forward voltage be applied to an SCR soon after its anode current has fallen to zero? 
Explain. 

(b) A forward voltage is applied to an SCR soon after its reverse recovery current drops nearly to 
zero value. Discuss what would happen to the SCR. 

(c) Discuss the importance of di/d? rating during the turn-on process of a thyristor. 

4.6. (a) Discuss the conditions which must be satisfied for turning on an SCR with a gate signal. 

(6) A thyristor is conducting a forward current. Discuss the basic requirements for commutating 
(turning-off) this SCR. 

(c) Bring out clearly how the anode current expands over the cathode surface area during turn-on 
process of a thyristor. 

4.7. (a) Is turn-on time of an SCR constant ? On what factors does it depend ? 

(6) Is turn-off time of a thyristor constant ? What factors influence its value ? 

(c) An SCR, during its turn-on process, has the following data : 


Anode current OA | 100 A _ 


During the turn-on time of 5 us, the anode current and anode voltage vary linearly. If triggering 
frequency is 100 Hz, find the average power losa in the thyristor. 

© Hint. : P.,= LViti | [Ans.: (c) 5 Watte.] 

4.8. (a) Justify the statement, “Higher the gate current, lower is the forward breakover voltage’. 

(b) What is hard-driving for a thyristor ? What are its advantages ? Draw a typical waveform for 
pate current for a thyristor. 
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(¢) For an SCR, the gate-cathode characteristic is given by a straight line with a gradient of 20 
yolts per ampere passing through origin. The maximum turn-on time is 4 is and the minimum gate 
current required to quick turn-on is 400 mA. If the gate source voltage is 15 V, calculate the resistance 
to be connected in series and the gate-power dissipation. 

Given that pulse width is equal to the turn-on time and the average power dissipation is 0.2 W, 
compute the maximum triggering frequency that will be possible when pulse firing is used, 

(Ans; (¢) 17.59, 15.625 kHz] 


4.9. (a) Draw thyristor gate characteristics showing the six gate ratings as specified by the 
manufacturers. Indicate clearly the preferred gate drive area. Are there any other gate ratings in 
addition to the six mentioned above ? If yes, describe this/these briefly. 

(b) The gate-cathode characteristic of an SCR is given by V,=0.5+8/,. Fora triggering frequency 
of 400 Hz and duty cycle of 0.1, compute the value of resistance to be connected in series with the gate 
circuit. The rectangular trigger pulse applied to the gate circuit has an amplitude of 12 V. The thyristor 
has average pate-power loss of 0.5 watts. 


Bin : (6) S= a or pulse width, T= aa 250 us. As Tis more than 100 ps, de data apply 
1 ) 
(Ans: (a) Peak gate—power dissipation and peak reverse gate voltage 
(b) 44.23 Q] 


4.10. (a) Draw the gate input characteristics of a batch of thyristors indicating the upper and lower 
limit loci and explain why this variation exists. 

(b) Draw the circuit model of a triggering circuit connected to the gate-cathode terminals of a 
thyristor. Explain the purpose of connecting a resistor across the gate circuit of an SCR. 

(c) A thyristor data sheet gives 1.5 V and 100 mA as the minimum value of gate-trigger voltage 
and gate-trigger current respectively. A resistor of 20 Q is connected across gate-cathode terminals. For 
a trigger supply voltage of 8 V, compute the value of resistance that should be connected in series with 
gate circuit in order to ensure turn-on of the device. [Ans: (6) 37.143 22] 

4,11. (a) Draw thyristor gate V-I characteristics indicating clearly the gate drive limits. Explain, 
with the help of these characteristics, the selection of an operating point and the choice of gate circuit 
parameters. 

Discuss also how turn-on time and jitter can be minimised. 

(b) In case gating signal for an SCR consists of a train of pulses instead of continuous de signal, 
explain how the frequency of triggering and other factors are decided. 

(c) A thyristor is triggered by a train of pulses of frequency 4 kHz and of duty cycle 0.2. Calculate 
the pulse width. In case average gate power dissipation is 1 W, find the maximum allowable gate power 
drive. [Ans; (c) 50 ps, 5 W] 

4.12. (a) Discuss the function of connecting a 


(1) diode across gate-cathode terminals, 
(ii) diode in series with gate circuit, 
(ii) a resistor across gate-cathode terminals. 

(6) How are the magnitudes of gate-voltage and gate-cur- © 
rent influenced by temperature rise in a thyristor ? 

(c) During turn-off of a thyristor, idealized voltage and 
current waveforms are shown in Fig. 4.77. For a triggering 
frequency of 50 Hz, find the mean power loss due to turn-off 
loss. 

Also obtain the reversed recovery charge. 






| yoltage 





Anode — 
current 


Fig. 4.77. Pertaining to Prob. 4.12. 


Hint = (ce) Py =" f Via [Ans: (c) 1W, 900 uC] 
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4.13. (a) Discuss the two-transistor model of a thyristor, Using this model, describe the various 
mechanisms of turning-on a thyristor. 

(6) Enumerate the operational differences between thyristor-family of devices and the transistor- 
family of devices. 

4.14. (a) Which current rating of an SCR is the most important ? 

(6) What is the difference between repetitive-current and surge-current ratings of a thyristor ? 

(c) What are Vopaz and Vppa; ? Are these ratings different from each other for a thyristor 7? 

(¢) Is it possible to exceed rms current rating of an SCR? 

(e) What are Vpwy and Vppay ? Which rating is low 7? 

() An SCR has maximum rms current rating of 78.5 A. Find its maximum average current rating. 

[Ans; (@) Rmscurrent (c) Vopi=Verw (d) No (ce) Vowsislow (f) 50.Al 

4.15, (a) Describe the various anode voltage ratings as applicable to an SCR. Indicate these voltage 
ratings on a relevant voltage waveform. 

(6) Discuss the significance of du/dt in case of thyristors. 

(c) Explain why an SCR is derated when it handles pulsed anode current as compared to its rating 
for constant de current. 

(d) The average current rating of an SCR decreases as its conduction angle is reduced, Explain. 

4.16. (a) The derating of an SCR is more for sine waves than for the square (or rectangular) waves, 
Explain, | 
Sketch the curves showing average power dissipation as a function of average forward current for 
different conduction angles for both sine and square waves. 

(6) What is the effect on average current rating of an SCR in case inductance is inserted in the 
anode circuit ? Discuss. 

(c) The specification sheet for an SCR gives maximum rms on-state current as 50 A. If this SCR is 
used in a resistive circuit, compute its average on-state current rating for conduction angles of 30° and 
60° in case current waveform is (1) half-sine wave and (ii) rectangular wave. 

[Ans; (c) 30° (f) 12.56A (ii) 14.4944; 60° (¢@) 18.00 A (iz) 20.412 A]: 

4.17. (a) If a forward voltage is applied to an SCR which is below its breakover voltage, it may well 
switch on, particularly if the voltage is applied rapidly, Explain why this is so. 

Discuss how the effect mentioned above can be minimized. 

(6) A thyristor is placed between a constant de voltage source of 240 V and resistive load A. The 
specified limits for di/dt and dv/dt for the SCR are 60 A/microsecond and 300 V/microsecond respec- 


tively. Determine the values of the did inductor and the snubber circuit parameters. Take damping 
ratio as 0.5. 


Discuss how these parameters may be modified to suit the working conditions in the circuit. 

Derive the various expressions used. 

[Ans: (5) Computed values : 4H, 5 9,0.16 uF 
modified values : 6,4 wH, 8 Q, 0,12 uF] 

4,18. (a2) Snubber circuit for an SCR should primarily consist of capacitor only. But, in actual 
practice, a resistor is used in series with the capacitor. Discuss. 

(6) A,Land€ in an SCR circuit meant for protecting against dv/dit and di/dt are 
40,6uH and6uF respectively. If the supply voltage to the circuit is 500 V, calculate permissible 
maximum Values of dv/dt and di/dt. 

| Hint: (6) Rate of change of voltage across the thyristor at ¢ = 0 
when the supply is switched on is given by | 
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du di I. V, 300 | ) rs, | 
ae = It, di + T where I, = R. a= 75 Aetc] [Ans: (6b) 50 A/us, 212.5 V/psl 


4.19, Following are the specifications of a thyristor operating from a peak supply of 500V: 
Repetitive peak current, J, = 250A 


di yy ee . 
a = 60 A/us, E = 200 V/ps 


Take a factor of safety of 2 for the three specifications mentioned above. Design a suitable snubber 
circuit if the minimum load resistance is 20 Q. Take — = 0.65. [Ans: 17uH, 60, 0.5uF] 

4.20, (a) Discuss how a thyristor may be subjected to internal and external overvoltages. Describe 
the methods adopted for suppressing such overvoltages in thyristor systems. 

(6) During the turn-off process in a thyristor, the reverse recovery current of 10 Ais interrupted in 

a time interval of 4 is. The thyristor is connected in series with an inductance of 6 mH with no resistance 
in the circuit. If the source voltage during turn-off process is — 300 V, calculate 

(t) peak voltage across the thyristor when reverse current is interrupted and 

(1) the value of snubber circuit resistance in case snubber capacitance C, = 0.3 uF and damping 
ratio is 0.65. [Ans: (6) —15.3 kV, 183.85 9) 

4.21. (a) Explain the methods adopted for the protection of SCRs against overcurrents. 

(6) Athyristor, having maximum rms on-state current of 45 A, is used in a resistive circuit. Compute 


its average on-state current rating for half-sine wave for conduction angles of - and 1/2. 


[Ans: (b) 16.1984, 20.26 Al 

4,22. (a) Describe electronic crowbar protection scheme employed for the overcurrent protection of 
power converters. 

(6) Draw a circuit diagram illustrating the protection of both anode and gate circuits of an SCR. 
Describe briefly the function of various components used. 

4.23. (a) Enumerate the various abnormal conditions against which thyristors must be protected. 

(6) Describe the significance of di/dt and du/dt in SCRs. 

(c) Describe, with the help of a circuit diagram, the function of various components used for the 
protection of gate circuit of a thyristor. 

4.24, (a) Discuss briefly the different components of power loss that occur in a thyristor during its 
working. Which of the power loss component / components is / are dominant at power frequencies and 
which at high frequencies ? 

(5) Give the concept of thermal resistance. Describe the analogy between thermal and electrical 
quantities, 

(c) Draw the thermal equivalent circuit for an SCR and discuss the various parameters involved 
in it. 

(d) Describe any one method of designing the heat sinks for thyristors. 

_ 4.25. (a) For thyristors, various mounting techniques are based on their thermal considerations. 
Discuss these mounting techniques with relevant diagrams. 

(b) A thyristor is rated to carry full-load current with an allowable case temperature of 100°C, for 
maximum allowable junction temperature of 125°C and thermal resistance between case and ambient 
as 0.5°C/W. Find the sink temperature for an ambient temperature of 40°C. Take thermal resistance 
between sink and ambient as 0.4°C/W. [Ans: (b) 88°C] 

4.26. A thyristor is rated to carry an rms current of 100 A. Its maximum allowable junction 
temperature is 125°C. 
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(a) If this thyristor is made to carry direct current continuously, find the maximum allowabl]- 
current rating of the SCR. 
_ (6) If this SCR is used in a single-phase half-wave circuit with resistive load, find the maximum 
allowable average current for firing angles of @, = 30° and ct» = 120°, 
(c) For part (b), determine the sink temperatures if average powers dissipated are 200 W for 
ct) and 150 W for oy». The value of thermal impedances are : 
9, =0.15° C/W, 6,,=0.07°C/W for a, 
and Bj, = 0.16°C/W, 6, = 0.08°C/W for tty. 
| [Ans: (a2) 100A (5) 60.273 A, 25.1184 (c) 81°C and 89°C) 
4.27. A thyristor string is made up of a number of SCRs connected in series and parallel. The string 
has voltage and current ratings of 11 kV and 4 kA respectively. The voltage and current ratings of 
available SCRs are 1800 V and 1000 A respectively. For a string efficiency of 90%, calculate the number 
of series and parallel connected SCRs. 
For these SCRs, maximum off-state blocking current is 12 mA. Determine the value of static 
equalizing resistance for the string. Derive the formula used for this resistance, 
[Ans: Series-7, Parallel-5, R = 22.22 kqQ] 
4.28. For the thyristors of Prob. 4.27, maximum difference in their reverse recovery charge is 25 
microcoulombs. Compute the value of dynamic equalizing capacitance of this string. Derive the formula 
used for the computation of this capacitance. lAns: C=0.094 pF] 
| 4.29. Three series-connected thyristors, provided with static and dynamic equalizing circuits, have 
to withstand an off-state voltage of 8 kV. The static equalizing resistance is 8 kM and the dynamic 
equalizing circuit has RF, =40 02 and C =0.06 uF. These three thyristors have leakage currenta of 25 mA, 
23 mA and 22 mA respectively. Determine voltage across each SCR in the off-state and the discharge 
current of each capacitor at the time of turn on.[Ans: 2500 V, 2540 V, 2560 V; 62.5.A, 63.5A, 64A] 
4.30. In a power circuit, four SCRs are to be connected in series. Permissible difference in blocking 
voltage is 20 V for a maximum difference in their blocking currents of 1 mA. Difference in recovery 
charge is 10 1.C. Design suitable equalizing circuit. : 
[Ans: Static equalizing resistance = 20 k :.; shunt capacitance = 0.5 LF] 
4.31. (a) Discuss how SCRs suffer from unequal voltage distribution across them during their 
turn-on and turn-off processes, 
. (a) A number of SCRs, each with a rating of 2000 V and 50 A, are to be used in series-parallel 
combination in a circuit to handle 11 kV and 400 A. For a derating factor of 0,15, calculate the number 
of SCRs in series and parallel units. | 
| The maximum difference in their reverse recovery charge is 20 microcoulombs., Calculate (i) the 
value of dynamic equalizing capacitance and (i:) the voltage across each of the slow thyristors in case 
oné series-connected SCR is fast. [Ans: (0) n,=7, rn, =10, C=0.04 uF, 1500 V) 

4,32. Define string efficiency for series / parallel connected SCRs. Show that string efficiency of two 

series connected SCRs is usually less than one, 
= Derive an expression for the resistance used for static voltage equalization for a series connected 
string. 

4.33. Describe how two series connected SCRs are subjected to unequal voltage distribution during 
their dynamic conditions. Derive an expression for capacitance C used in the dynamic equalizing circuit 
for n series connected SCRs. | 

4.34, Show that string efficiency for two parallel connected SCRs is usually less than one, 
Discuss the problems associated with the parallel operation of SCRs and how these are overcome, 
4.35. (a) Describe briefly the following members of thyristor family. 
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PUT, SUS, SCS, SITH 

Illustrate your answer with suitable diagrams. 

(6) Draw the cross-sectional view of the diac and explain how it can conduct in both the directions. 

(c) Give the cross-sectional view of a triac and explain its turn-on process with relevant diagrams. 
Hence show that a triac is rarely operated in first quadrant with negative gate current and in third 
quadrant with positive gate current. 

4.36, (a) Describe LASCR. Give its industrial applications. 

(6) Discuss how a triac may sometimes operate in the rectifier mode. 

(c) Enumerate the advantages of ASCR and RCT over conventional thyristors. 

4.37. (a2) How does a GTO differ from a conventional thyristor. Give its circuit symbol and static 
V-J characteristics. Under what conditions, it may work as a low gain transistor ? 

(6) Discuss the turn-off process in a GTO with the help of appropriate voltage and current 
waveforms. 

(c) Give the merits and demerits of a GTO as compared to a conventional thyristor. 

4.38. (a) Discuss the features that the firing circuits for thyristors should possess. 

Give the general layout of a firing circuit scheme and explain the function of various components 
used in it. 

(6) Describe the resistance firing circuit used for triggering SCRs. Is it possible to pet a firing angle 
greater than 90° with resistance firing ? Illustrate your answer with appropriate waveforms. 

4.39, (a) For resistance firing circuits show that firing-delay angle is proportional to the variable 
resistance, 

(b) Resistance firing circuit is used for triggering an SCR in a laboratory. This SCR is destroyed by 
a batch of students inadvertently. 

Anew SCR with the same specification number is installed. But it is found that maximum firing 
angle attained is 75° only. Explain how the desired maximum firing angle of 90° can be obtained. 

(Ans; (6) Increase R or Ro or else decrease R in Fig. 4.53] 


4,40. (a) Draw KC half-wave trigger circuit for one SCR and discuss the function of the various 
components used. 

Describe, with the help of waveforms, how the output voltage is controlled by varying the resistance. 
Draw the voltage waveform across SCR also. 

(6) Descnbe AC full-wave trigger circuit for one SCR when the load is (7) ac type (i) de type. Relevant 
diagrams and waveforms should be drawn to illustrate your answer. 

4.41. (a) Compare an UJT firing circuit with # and RC firing circuits. 

(6) A unijunction transistor, used in relaxation oscillator, has the following data : 

9 = 0.67, J,=10mA, V,=2.5V, 2,=15 pA 

An oscillator, with an oscillation frequency of 1 kHz, is to be designed by using this UJT. Compute 
the values of charging resistor and external resistors needed in the base circuits. Take C= 0.4 uF and 
forward-voltage drop of E — B, junction as 0.5 V. Source voltage is 24 V de and triggering pulse width 
is 50 us. [Ans: (b) R=2.772kQ, R,4,=495 Kk 0, Raj, =2.15k 0, Ro = 621.90, Ry = 1250) 

4.42, (a2) Explain the working of an oscillator employing an UJT. Derive expressions for the 
frequency of triggering and firing angle delay in terms of eta, charging resistance etc. 

(6) Arelaxation oscillator, using an UJT, is to be designed for triggering an SCR. The UJT has the 
following data : 

1=0.7, I,=0.5mA, V,=15.0V, V,=0.8V, I,=2mA, Rpp=6 kN, 
Normal leakage current with emitter open = 3 mA. 
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The firing frequency is 1,5 kHz. For C=0.05 uF, compute the values of charging resistor and the 
external resistors connected in the base circuits. Take forward-voltage drop of E — B, junction as zero. - 
(c) If the frequency of firing the SCR in part (b) is changed by varying charging resistor R, obtain 

the maximum and minimum values of F and the corresponding frequencies. 
| [Ans: (5) 11.074k 0, 476.669, 666.670 
(c) 12.858k ©, 10.3155 9, 1.292 kHz, 1.611 kHz] 

4.43, (a) The intrinsic stand-off ratio for an UJT is 0.65. Its interbase resistance is 10 k 9. Calculate 
the values of the interbase resistances. 

(6) Estimate the minimum and maximum values of charging resistor in the UJT oscillator circuit 
for manual trigger-angle control of a between 20° and 160° for 50 Hz supply. Assume 
C=0.4 uF and ny =0.7, [Ans: (2) 65k 0, 3.59, (6) 2.3507KQ, 18.457: Q] 

4.44. (a) Draw and explain the working of an UJT oscillator. Discuss how the amplitude of output 
voltage pulse can be estimated in this oscillatov. 

(b) Using a 15-V supply to an UJT, design the oscillator circuit for a frequency of 5 kHz. Data for 
UJT is as under : 

1 =0.65 to 0.75, Rpp=4.7 to 9.1kQ 
Take C = 0.04 uF. Missing data may be assumed. 
[Hint: (5) Assume leakage current = 1.88 mA] 
lAns: (b) R=4.153k 0, Rg=952.40, Ry = 126.30, R,,,,=6 kQ, 
Rin =3 EQ, finin = 9460.8 Hz, f.o, = 6921.6 Hz] 

4.45, Draw synchronized UJT trigger circuit using a zener diode. 

Describe it briefly with relevant voltage and current waveforms. 

Explain how synchronization of the trigger circuit with the supply voltage across SCR is achieved. 
In case charging resistor is small so that the capacitor voltage reaches UJT threshold voltage twice in 
each half cycle, explain how the circuit operation is influenced. 

4.46. (a) Draw a circuit diagram for the ramp-and-pedestal trigger circuit used for a single-phase 
semiconverter. Describe its operation with appropriate waveforms. 

For this trigger circuit, derive expressions for the frequency of triggering and firing-angle delay in 
terms of eta, charging resistor etc. 

(4) A firing circuit, using ramp-and-pedestal triggering scheme, has the following data : 

Charging resistor = 4 k Q, charging capacitor = 0.2 uF, supply 
frequency = 50 Hz, 1 =0.75, zener—diode voltage = 15 V. 

Compute the magnitude of firing angle in case pedestal voltage is (i) zero and (ti) 4 V. 

[Ans: (6b) (£2) 19.963° (i:) 15.496°] 

| 4.47. (a) Describe the use of pulse transformer in the triggering of SCRs and GTOs. With a suitable 
circuit, discuss the conditions under which the input pulse is faithfully transmitted or is transmitted 
in the form of exponentially decaying pulse. Which of these two functional modes is preferred and why? 

(6) The primary of a pulse transformer is connected in series with a transistor and a current limiting 
resistor R,. The data for the triggering circuit is as under : 

Ry, =500 ©, gate to cathode resistance = 200 0 
Primary to secondary turns ratio =5, voltage required to trigger the SCR =8 V. 

Compute the voltage applied to the circuit consisting of transformer primary, Ry, etc. Derive the 
expression used. [Ans;: (6) 16:5 V] 

4.48, (a) Describe the trigger circuit for a triac using a diac. 
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(>) A diac with a breakdown voltage of 35 V, Fig. 4.68, is used for triggering a triac. This circuit 
has #,=10000, R=zeroto 280k Q and C=0.1 uF. For a supply voltage of 230 V, 50 Hz : calculate 
the maximum and minimum values of firing-delay angles for the triac. The effect of load impedance 
may be neglected. [Ans: (6) 156.5°, 7.98°) 

_ 4.49. (a) Describe a gate trigger circuit for a single-phase full converter. Discuss how the adjustment 
of control voltage varies the firing-delay angle. 

(6) Describe a gate-pulse amplifier using a MOSFET. 

4.50. (a) Why pulse-train gating is preferred over pulse gating ? Explain, with relevant circuit and 
waveforms, the pulse-train gating of SCRs. 

(6) Why is the cosine-firing scheme so popular ? Describe a cosine-firing scheme for the triggering 
of thyristors, 
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Thyristor Commutation Techniques 


A thyristor is turned on by applyimg a signal to its gate-cathode circuit. For the purpose 
of power control or power conditioning, a conducting thyristor must be turned-off as desired. 
As stated before, the turn-off of a thyristor means bringing the device from 
forward-conduction state to forward-blocking state. The thyristor turn-off requires that (7) its 
anode current falls below the holding current and (12) a reverse voltage is applied to thyristor 
for a sufficient time to enable it to recover to blocking state, Commutation is defined as the 
process of turning-off a thyristor. Once thyristor starts conducting, gate loses control over the 
device, therefore, external means may have to be adopted to commutate the thyristor. Several 
commutation techniques have been developed with the sole objective of reducing their turn-off 
(or commutation) time. 


The use of thyristor circuits in low-power converters has declined relatively. This is 
because of recent advances in semiconductor power devices leading to the availability of power 
transistors, GTOs and IGBTs. However, for high-voltage and high-current applications above 
about 1 KV and 0.5 KA, thyristor circuits offer popular circuit configurations. 

The classification of thyristor commutation techniques, as reported by various authors, 
is not the same. Here, an attempt is made to refer to all these classification techniques. 
Primarily, the classification of commutation techniques is based on the manner in which 
anode current is reduced to zero and on the configuration of the commutating circuits. 

Thyristor commutation techniques use resonant LC, or underdamped RIC circuits, to 
force the current and / or voltage of a thyristor to zero to turn off the device. Several 
power-electronic converters employ the circuit configurations used for describing the thyristor 
commutation techniques. Therefore, a study of the various commutation techniques serves 
as an introduction and leads to a better understanding of the transient phenomena occuring 
in power-electronic converters under switching conditions. 

The various commutation techniques are now described in this chapter. 

5.1. CLASS A COMMUTATION : LOAD COMMUTATION 

For achieving load commutation of a thyristor, the commutating components Z and C are 
connected as shown in Fig. 5.1. Here F# is the load resistance. For low value of R, L and C are 
connected in series with A, Fig. 5.1 (@). For high value of R, load R is connected across C, 
Fig. 5.1 (6). The essential requirement for both the circuits of Fig. 5.1 is that the overall 
circuit must be underdamped. When these circuits are energized from dc, current waveforms 
as shown on the right hand side of Fig. 5.1 are obtained. It is seen that current 7 first rises 
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to maximum value and then begins to fall. When current decays to zero and tends to reverse, 
thyristor Tin Fig. 5.1 is turned-off on its own at instant A. 





(a) 





(b) 
Fig. 5.1. Class A or load commutation (a) series capacitor (6) shunt capacitor. 

Load, or class-A, commutation is prevalent in thyristor circuits supplied from a de source. 
The nature of the circuit should be such that when energized from a dc source, current must 
have a natural tendency to decay to zero for the load commutation to occur in a thyristor 
circuit. Load commutation is possible in dc circuits and not in ac circuits. Class A, or load, 
commutation 1s also called resonant commutation or self-commutation. A practical circuit 
employing load commutation is a series inverter which is described in Chapter 8. A simple 
example illustrating the basic principle of load commutation is given below : 

Exampie 5.1. The circuit shown in Fig. 5.2 (a) is initially relaxed. The thyristor T is 
turned on at t = 0. Determine (a) conduction time of thyristor and (b) voltage across thyristor 
and capacitor after SCR is turned off. Calculate these values for L=5 mH, C =20 uF and 
V,=200 V. 

Solution. When thyristor is turned on, it behaves like a diode. Therefore, with SCR on, 
the device acts like a closed switch, Fig. 5.2 (6). KVL for this circuit cives 


dp wt [li 
L ata J idt=V, 
Its solution, from Art. 3.1.4, is given by Eq. (3.9) which is repeated here. 
i) =V, WE sin ot 6.1) 


Here =TTos called the resonant frequency of the circuit. 
Capacitor voltage, from Eq. (3.10a) is 
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Fig. 5.2. (a2) and (6) Load commutation circuit (c) waveforms. 
vu. (t) = V, (1 — cos Wy #) .(5,2) 


It is seen from above equations that at time f=f)=1/@p, 1(f)=0 and v, (t)=—2 V,. This 
shows that m/@) sec orn VLC sec after thyristor is closed at t=0, the charging current 
becomes zero, Fig. 5.2 (c) and thyristor is, therefore, turned off on its own. Here 

ty) = conduction time of the thyristor = x VLC (5.3) 

Voltage vp across thyristor during its conduction time f, is zero, When it stops conducting, 
Up=—2V,+V,=— V,. It implies that SCR is subjected to a reverse voltage of V, which helps 
in its recovery. 

For the circuit parameters given, the calculations are as under : 


; | ap imerd 1 10° 
Resonant frequency of the circuit, o, =—————--"— = ———- 
es 0 5x 10° x 20x 10° v10 
= 3162.27 rad/s. 
Conduction time of thyristor, ty = ti = ay =9.9346x 10° *s 
= 99.346 ms. 


Voltage across thyristor after it is turned off 
=-V,=-200V. 

5.2. CLASS B COMMUTATION : RESONANT-PULSE COMMUTATION 

For explaining class-B, or resonant-pulse, commutation, refer to Fig. 5.3 (a). In this figure, 
source voltage V, charges capacitor C to voltage V, with left hand plate positive as shown. 
Main thyristor T1 as well as auxiliary thyristor TA are off. Positive direction of capacitor 
voltage v, and capacitor current i, are marked. When T1 is turned on at t=0, a constant 
current J, is established in the load circuit. Here, for simplicity, load current is assumed 
constant. 
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ON OFF OFF 
(a) 
Fig. 5.3. Resonant-pulse commutation (a) circuit diagram (6) waveforms. 

Uptill time #,, v,=V,, 1,=0, i9=J, and tp, =I], Fig. 5.3 (6). For initiating the 
commutation of main thyristor Tl, auxiliary thyristor TA is gated at t=t,. With TA on, a 
resonant current 1. begins to flow from C through 7A, L and back to C. This resonant current, 
with time measured from instant t,, is given by 


i,=-V, VE sin ot =~7, sin at 


Minus sign before J,, sin ®t is due to the fact that this current flows opposite to the 
reference positive direction chosen in Fig. 5.3 (a). 
1 


Capacitor voltage uv. (f)= C Ji, dt 


= V, cos Wt (5.4) 


After half a cycle of i, from instant f,; i,=0, v,.=—V, andi, =I). After nm radians from 
instant ¢,, i.e. just after instant ¢,, as i, tends to reverse, TA is turned off at ts. With 
v,=-—V,, right-hand plate has positive polarity. Resonant current z, now builds up through 
C,L,D and T1. As this current i, grows opposite to forward thyristor current of T1, net 
forward current i,,=],—-—i, begins to decrease. Finally, when 1, in the reversed direction 
attains the value J,, forward current in T1 (i, =I, —J, = 0) is reduced to zero and the device 
T1 is turned off at f;. For reliable commutation, peak resonant current J, must be greater 
than load current J). As thyristor is commutated by the gradual build up of resonant current 
in the reversed direction, this method of commutation is called current commutation, class-B 
commutation or resonant-pulse commutation. 
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After T1 is turned off at ¢;, constant current J, flows from V, to load through 
C, L and D. Capacitor begins charging linearly from — V,,, to zero at t, and then to V, atts. 
As a result, at instant ¢;, when uv, =V,, load current ip =i, =I) reduces to zero as shown. 


It is seen from the waveform of i, that main thyristor T1 is turned off when 


v,1 Fe SIN Wo (ts — fy) =Lp 


I 
-1)/ 70 B 
or Wy (tg — tg) = sin | (6.5) 
where I,=V, L = peak resonant current. 


Main thyristor T1 is commutated at ¢,. As constant load current J, charges C linearly 
from — V,,, at t; to zero at t,, SCR T1 is reverse biased by voltage v, for a period (tf, —f3) =¢,. 
.. Circuit turn-off time for main thyristor, 
Vab 
Ip 
Eq. (5.6) shows that t, is dependent on the load current. Waveform of capacitor voltage 
y, reveals that the magnitude of reverse voltage V.,, across main thyristor T1, when it gets 
commutated, is given by 


t.=f4- i,=C .. (5.6) 


V5 = V, CO8 Wy (ty — ty) ...(5.7) 

Example 5.2. Circuit of Fig. 5.3 (a) employing resonant-pulse commutation (or class-B 
commutation) has C =20 uF and L =5 wH. Initial voltage across capacitor is V,= 230 V. For 
a constant load current of 300 A, calculate 

(a) conduction time for the auxiliary thyristor, 

(b) voltage across the main thyristor when it gets commutated and 

(c) the circuit turn-off time for the main thyristor. 

Solution. Peak value of resonant current, 


pape he Remtarteee wan 
1L=V,VE = 230° =460A 


PT | 
Resonant frequency, = TEE = Ving 701% 10° rad/s 
(a) Conduction time for auxiliary thyristor 
= -— — ~ 31.416 ps. 
@ 0.1x10 
, a: . -1/{300 i) Se? d 
(6) From Eq. (5.5), po (fg -—f2) = sin 460 |> 40.706 or 0.71045 rad. 


Voltage across main thyristor, when it gets turned-off, is given by Eq. (5.7). 
V_, = V, COS Wp (ty — te) = 230 cos (40.706°) = 174,355 V 
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(ce) Circuit turn-off time for main thyristor, from Eq. (5.6), is 
5 174.355 
300 


5.3. CLASS C COMMUTATION : COMPLEMENTARY COMMUTATION 


£: 
t.=t, ~ t= C= 20% 107 = 11,624 us. 








f i 
i 
t 


~ Ve (1-207) 





2V5_-t/AaC 






_ iM -t/Rc 
Rs | 


| - 
TT ty iz 
ON Tl OFF T) ON 
Tz ON Tz OF 
(ec) ‘ 


Fig. 5.4. Class-C commutation (a) and (6) circuit diagrams (c) waveforms. 
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In this type of commutation, a thyristor carrying load current is commutated by 
transferring its load current to another incoming thyristor. Fig. 5.4 (a) illustrates an 
arrangement employing complementary commutation. In this figure, firing of SCR T1 
commutates T2 and subsequently, firing of SCR T2 would turn off TI. 


Positive and negative directions of voltages and currents are marked in Fig. 5.4 (a). In 
this figure, capacitor is supposed to be initially virgin Le. ee When Ti is turned on 


VY, 
at ¢=0, current through R, is 1; = — and through R,j is i, = =e so that thyristor Tl current 


Ry 
lm =1,+1,= V, fa, +o sea to flow, Figs. 5.4 (b) and (ce). Capacitor C begins charging 
through R, from v,=0. The charging current through the circuit V,, C and R, is given by 


hee 
i O=R VR, C 


and voltage across capacitor C is given by 
v, (t)=V, (1-e° 7%2°) 
Voltage across thyristor TZ is vu, =v, (ft) 
After sometime, when transients are over, v.=U72=V, andi, decalys to zero. Also 
ip, = V,/R,. The waveforms for these currents and voltages are shown in Fig. 5.4 (c). 
When T11 is to be turned off, T2 is triggered. If T2 is turned on at t,, then capacitor voltage 
v, applies a reverse potential V, across SCR T1 and turns it off. In other words, at 


2Vv . rr 
ty, Um =0, vm =-V,, t,=- > andin=V : *m) In the circuit consisting of 


tat 3 
V,, R,, C and T2, the capacitor voltage changes from V, to — V, as shown in Fig. 5.4 (c). 


For this circuit, KVL gives Ry i,+G ‘I i,dt=V, 


. T,(s)CV,|_V, 
Its Laplace transform is I,(s\+ é| at | 
s s s 





Its solution gives, L(t) = a ere 


As this current 1, (¢) flows opposite to the positive direction indicated in Fig. 5.4 (a), 


OV 
i, (f)=—- ee ene (5.8) 
ity 


VoRugahattertneaene -|1f'; aay,|-|2f 2% wre 
Voltage across capacitor is vv, (f)= CJ, i.dt+V,|= Clo BR gr + ¥, 
) | 2 


=V, [2e WRC _ 4) .(5.9) 
Note that in Eqs. (5.8) and (5.9), time ¢ is measured from the instant ¢, The plots of 
capacitor current 1, (f) from Eq. (5.8) and capacitor voltage v, (f) from Eq. (5.9) are shown in 


Fig. 5.4 (c). Current i7. falls from its value V, Ry R z,|* Y/R, with time constant R,C. 


‘ 
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When transients are over after 4, u7,=V,,v,=— V,, i,=0, lm=0,i~=V./R, and 


tp; = 0. When 71 is turned on to commutate T2 at instant #3, iz, =0, ip, =V, ia +> | 


2¥, 
Ry 

With the turn on of T2 at ¢,, capacitor voltage V, suddenly appears as reverse bias across 
T1 to turn it off. Similarly, at ¢,, capacitor voltage V, applies a reverse bias across T2 to turn 
it off. On account of this, class-C commutation is also called complementary impulse 
commutation. 

Waveforms for voltages and currents are drawn in Fig. 5.4 (c). Waveform for vp, indicates 
that a reverse voltage — V, to zero appears across thyristor T1 for a certain period. This period, 
called circuit turn-off time t,, for T1 is given by 


Um =O=V, (1-2e7 81% 


Up =—V,, U7, =0 andi,= 


or t.,=R, C In (2) (5.10 a) 
Similarly, circuit turn-off time for T2 is 
= FR, C' ln (2) » ..(5.10 5) 


Example 5.3. Circuit of Fig. 5.4 (a), employing class-C commutation, has 
V,=200V, R,=10 Qand R,= 1000. Determine 

(a) peak value of current through thyristors T1 and T2 

(6) value of capacitor C if each thyristor has turn-off time of 40 us. Take a factor of safety 


Solution. (a) An examination of Fig. 5.4 (c) reveals that 


ew 2 1 , 
peak value of current through T1 =V, Fe ~ | 200) + + 100" 24 A 


and peak value of current through T2 = V ‘li + Z| 
2 


2 1 ee 
= 200) +3097 42 A 


boy 
Fi, In (2) 
_2x40x107° 
~ 10 In (2) 
| 2x 40x 10° 
om Eq. (5.10 5) Cc 100 In (2) 

So choose a capacitor of large size of 11.542 uF. 
5.4. CLASS D COMMUTATION : IMPULSE COMMUTATION 

For explaining class D, or impulse, commutation, refer to the circuit of Fig. 5.5 (a). In 
this figure, Tl and TA are called main and auxiliary thyristors respectively. 

Initially, main thyristor Tl and auxiliary thyristor TA are off and capacitor is assumed 
charged to voltage V, with upper plate positive. When T1 is turned on at ¢ = 0, source voltage 
V, 1s applied across load and load current J, begins to flow which is assumed to remain 


(6) From Eq. (5.10 a), C= 
= 11.542 uF 


1.1542 pF 
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+UT)- r 
Le iT1 ip=ly 
o LT — 
+ htc TI 
v. C 
| | 
Dp] 





(5) 
Fig. 5.5. Class-D commutation (a) circuit diagram (b) waveforms. 
constant. With T1 on at ¢ = 0, another oscillatory circuit consisting of C, T1, L and D is formed 
where the capacitor current is given by 


i.=V, nN . sin Mp t=J,, SIN Wy t 


When @ t=", i,=0. Between 0<f<(1/Mp), iy =I + 1, Sin Wp F. Capacitor voltage 
changes from +V,to-V, co-sinusoidally and the lower plate becomes positive. At 
(py P= it, ic = Q, Lr = Ig and U. =—— Ta Fig. 5.5 (b). | | 

At ft, auxiliary thyristor TA is turned on. Immediately after TA is on, capacitor voltage 
V, applies a reverse voltage across main thyristor T1 so that v7; = =V, at fy and SCR T1 1s 
turned off and i, = 0. The load current is now carried by C and TA. Capacitor gets charged 
from —V, to V, with constant load current I). The change is, therefore, linear from + V, to 
~V_as shown. When pv, = V,, i, = 0 atta, thyristor TA is turned off. During the time TA is on 
from t, to tg, U, = Ur. For main thyristor T1, circuit turn-off time is ¢, as shown in Fig. 5.5 (0). 

With the firing of thyristor TA, a reverse voltage V, is suddenly applied actos T1 ; this 
method of commutation is therefore, also called voltage commutation, With sudden 
appearance of reverse voltage across T1, its current is quenched ir fact the 3 ceahae 
momentarily reverses to recover the stored charge of Tl. As an auxiliary thyristor TA is use ! 
for turning-off the main, thyristor T1, this type of commutation is also known as auxiliary 
commutation. | ae 

When thyristor TA is turned on, capacitor gets connected across Tl to turn it off, this 
type of commutation is, therefore, also called parallel-capaciter commutation. 
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Example 5.4. Circuit of Fig. 5.9 (a) illustrates class-D commutation. For this circuit, 
V,=230V, L=20uH and C=40 Lf. For a constant load current of 120 A, calculate. 


| (a) peak value of current through capacitance and also through main and auxiliary 
thyristors, | 


(0) ctreuit turn-off times for main and auxiliary thyristors. 


_ Solution. (¢) When main thyristor T1 is turned on, an oscillatory current in the circuit 
C, T1, Z and D is set up and it is given by 


i, (f= V,: VF SIN Wp t 


“, Peak value of current through capacitor 





1 =v.a/© 2230/42 - 
fi=V.% 7, = 230 50 = 325.22 A 
Peak value of current through main thyristor 


= 325.22 + 120 = 445.22 A 
Peak value of current through auxiliary thyristor TA =1,=120A 


(6) Waveforms for vy, orv, in Fig. 5.5 (6) indicate that circuit turn-off time for main 
thyristor T1 is the time required for Ur or v, to change linearly from — V, to zero. 
V, 
ef q= CS = 
Ce 
-. Circuit turn-off time for main thyristor 


t.=C vs 
c= Cz 
= 40 x 10° ° 29 = 76.67 us 


An examination of Fig. 5.5 reveals that when T1 conducts and during the time upper 
plate of C is positive, vp4=—v, ie. auxiliary thyristor TA is reverse biased by v,. This gives 


circuit turn-off time t,; for TA = —— 
20, 


ee BAITS WIAs 
0" VLC V¥20x40 800 


Circuit turn-off time for auxiliary thyristor, 


Here 


nm mvV800 
ty =p = OE 44.48, 
20) 2x 108 are 


5.5. CLASS E COMMUTATION : EXTERNAL PULSE COMMUTATION 

_ Inthis type of commutation, a pulse of current is obtained from a separate voltage source 
to turn off the conducting SCR. The peak value of this current pulse must be more than the 
load current. Fig. 5.6 shows a circuit using external-pulse commutation. Here VY, is the voltage 
of the main source and V, is the voltage of the auxiliary supply. Thyristor T1 is conducting 
and load is connected to source V,. When thyristor T3 is turned on at ¢ =0; V,, T;, 2 andc 
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form an oscillatory circuit. Therefore, C is charged to 
a voltage +2V, with upper plate positive at 
#=n~VLC as shown and as oscillatory current falls to 
zero, see Art. 3.1.4, thyristor 73 gets commutated. For 
turning off the main thyristor T1, thyristor T2 is 
turned on. With T2 on, T1 is subjected to a reverse 
voltage equal to V,—2V, and T1 is therefore turned 


Hig, 5.6. Sxternal-pulse off. After T1 is off, capacitor discharges through the 
commutation circul. load. | 





5.6. CLASS F COMMUTATION : LINE COMMUTATION 

This type of commutation is also known as natural commutation. This method of 
commutation is applied to phase-controlled converters, line-commutated inverters, ac voltage 
controllers and step-down cycloconverters. 





(a) (6) 
Fig. 5.7. Class F commutation (a) circuit diagram (6) waveforms. 


Here, the thyristor carrying the load current is reverse biased by the ac source voltage and 
the device j is turned-off when anode current falls below the holding current (assumed nearly 
zero). A single-phase half-wave (or one-pulse) controlled converter employing line commutation 
is shown in Fig. 5.7 (a). In this figure, thyristor T is fired at firing angle equal to zero, t.e. when 
of=0, v,=0. Load is resistive in nature. With zero degree firing-delay angle, the thyristor be- 
haves like a diode. During the positive half-cycle, v, = v, and waveshape of load current iy is iden- 
tical with the waveshape of v, for a resistive load. At wf =m, v, = 0, v,=0 and i, = 0; therefore T 
gets turned off at this instant. From wt=n to wt=2n, Tis reverse biased for a period 
t, = 1/@ sec, longer than the thyristor turn-off time #, Here t, is called the circuit turn-off time. 

Another method of classification of thyristor commutation technique is as under : 

(1) Line commutation : class F 

(2) Load commutation : class A 

(3) Forced commutation : class B, C and D 

(4) External-pulse commutation : class E. 

In line, or natural, commutation, natural reversal of ac supply voltage commutates the 
conducting thyristor. As stated before, line commutation is widely used in ac voltage 
controllers, phase-controlled rectifiers and step-down cycloconverters. 

In load commutation, L and C are connected in series with the load or C in parallel with 


the load such that overall load circuit is under damped. Load commutation is commonly 
employed in series inverters. 
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In forced commutation, the commutating components L and C do not carry load current 
continuously. So class B, C and D commutation constitute forced commutation techniques. As 
stated before, in forced commutation, forward current of the thyristor is forced to zero by 
external circuitry called commutation circuit. Forced commutation is usually employed in de 
choppers and inverters. .e) 

Example 5.5. In the circuit shown in Fig. 5.8, SCR is forced commutated by circuitry not 
shown tn the figure. Compute the minimum value of C so that SCR 
does not get turned on due to re-applied du/dt. The SCR has mini- 
mum. charging current of 5 mA to turn it on and its junction R=50.0 
capacitance is 25 pF. 






Solution. Under steady state, SCR conducts a current 
= PR = ~*~ = 4 A and voltage across ideal SCR = voltage v, across marae ie 
C=0. | Tr ib 
When SCR is force commutated, capacitor C begins charging from sp, Eg Datain:, 
. "G ae Fig. 5.8, Pe ig to 
source V, through # so that capacitor voltage v, (=v) is given by ‘a Se 


U,= V, (1 ae: erie 


du 1 
cee hae ; -t/RC ees 
| Peto Aa oar 


oF | du, . ,, : 
dt nhrRE ..(E) 


The rate of rise of capacitor voltage v, across SCR may be large. In case SCR charging 





a 
current C;- ee _ happens to be equal to 5 mA, SCR will get turned on. Here C; is the 
eee 


junction capacitance of SCR. 


te | du 
Substituting the value of a from Eq. (2) above, we get 
f a af 


or 295x107! mxG7exl0% 


c 25x 10“ x 200 
‘eae dae 
250 x 10 
In order to obviate turning on of SCR, the value of Ti. 
capacitance C should be less than 0.02 uF. > ; e 
_ Example 5.6. For a voltage or impulse commutated 
fhyristor circuit shown in Fig. 5.9, capacitor is initially Ve=200V a 


charged to V, with polarity as shown. Find the circuit 
turn-off time for the main thyristor in case 
C=10 pF, R=5 Qand V,=230 V de. 


Fig. 5.9. Pertaining to Example 5.6. 


= 0.02 uF 


Or 
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Solution. When auxiliary thyristor YA is turned on, main thyristor T1 is turned off by 
means of capacitor voltage V, appearing as reverse bias. After T1 is off, KVL for the circuit 
consisting of V,,C, TA and RF in series is given by 


R-ith+ZJi@dt=V, 




















Its Laplace transforme is R.J (s) ne ts > Cc I = yy 
Cl s Paes 
A I (s) R + a = =! 
2V. , | 

heiet =e 
s (HsC+1) @ a 

LRG 

Its Laplace inverse is i (t)= ae pe t/RC 


The voltage across capacitor C is 


v, (f) = C | t (¢) dt + initial voltage across capacitor 


172¥.) | R 
=e pe VACA V = V, Ro ee) 


During the time auxiliary SCR TA is on, v, = vy, = V, [(1-e "°]. The circuit turn-off time 
for T1 is the time taken by v, =v, to change from its value — V,, to zero. 


| O=V, [1-2 te 
or t, = RC In (2)=5x 10x 10° In (2) = 34.6574 us 





PROBLEMS 





5.1. (a) Explain the need of commutation in thyristor circuits, What are the different methods of 
commutation schemes ? Discuss one of them, involving two thyristors, with a neat schematic and 
waveforms. | 

(6) A circuit employing parallel-resonance turn-off (or class-B commutation) circuit has 
C=50uF, L.=20uH, V,=200V and initial voltage across capacitor is 200 V. Determine the circuit 
turn-off time for main thyristor for load R = 1.5 Q. [Ans: (6) 68 js] 

5.2. (2) Distinguish clearly between voltage commutation and current commutation in thyristor 

circuits. 

(6) Diseuss how the voltage across the commutating capacitor is reversed in a commutating circuit. 

(ce) For the circuit in Fig. 5.3 (a), supply voltage V, = 230 V 
dc, load current J, = 200 A, circuit turn-off time for main thyris- 
tor = 25 u's and reversal current is limited to 150% of I). Deter- 
mine the values of commutating components C and L. 
[Ams: (c) C=29.166 uF, L =17.143 pH] 


5.3. The circuit of Fig. 5.10 can be used to explain class-B 
commutation. With positive directions indicated for 
Uo, le, tg, kp and vz, describe, with appropriate waveforms of 
to, ter Ue» Lp and vy, how self-commutation is achieved in this cir- 





Fig. 5.10. Pertaining to Problem 5.3. 
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cuit, Derive expressions for i, reverse voltage across SCR when it is turned off and the circuit turn-off 
time, State the assumptions made, 

[Hint : Refer to Fig. 5.3 (6) for waveforms. Initially, T is off, Cis charged so that v, = V, with upper 
plate positive. When T is turned on, oscillatory current in C,TandL is established so that 
i.=V, [ 7, sin wot and tr=J,+V, L S1n Wy f ete, | 

9.4. (a) Explain the merits and demerits of self-commutation of SCR and its other methods of 
commutation. 

(b) For the circuit shown in Fig. 5.10, given that the load current J, to be commutated is 10 A, 
circuit turn-off time required is 40 us and the supply voltage is 100 VY, obtain the proper values of 
commutating components. Take peak resonant current equal to twice the load current. | 

[Ans: (6) C=4.619 uF, L = 115,475 pH) 
| 5.5. (a) Discuss, with relevant waveforms, class A and class D types of commutations employed for 
thyristors. vr 

(6) For the circuit shown in Fig. 0.10, peak thyristor current = 2.5 times the constant load current, 
L=18 ME and C =4F. Find the time elapsed from the instant thyristor is turned on to the instant it 
gets turned off. [Ams; (6) 32.852 us] 

5.6. (2) Enumerate the various commutation techniques used for thyristors. 

(d) Describe line-commutation and class-E commutation for thyristors. Name the circuit configura- 
tion where line-commutation is employed. | 

5.7. (a) Discuss, with relevant waveforms, class A and class E types of commutations employed for 
thyristor circuits, * 

| (5) A circuit employing resonz.ut-pulse commutation has C =20 UF and L=3uH. The initial 
capacitor voltage = source voltage, V, = 230 V de. Determine conduction time for auxiliary thyristor and 

circuit turn-off time for main thyristor in case constant load current is (1) 300 A and (11) 60 A. 
[Ans: (6) (i) 24.335 us, f.= 18.23 us (if) 24.335 ps, ¢t, = 76.273 us] 

5.8. (a2) Describe class-C type of commutation used for thyristors with appropriate current and 
voltage waveforms. | | 

(6) An impulse-commutated circuit is shown in Fig. 5.5 (a). In this circuit, capacitor is initially 
charged to source voltage V,=200 V with upper plate negative. When auxiliary thyristor is turned on 
main thyristor gets commutated in 50 us, Find the value of C in case load resistance is 20 9. 

If peak value of current through main thyristor is limited to twice the full-load current, calculate 
the value of commutating inductance. [Ans: (b) 3.607 uF, 1.4428 mH] 

5.9. What is complementary impulse commutation ? Describe this type of commutation with a 
circuit diagram and appropriate waveforms. 

Derive expressions for current through and voltage across commutating capacitor. Find also the 
circuit turn off times for the complementary thyristors. 

5.10. (a) A capacitor C, initially charged to de voltage V,, is connected to inductance L through a 
thyristor, Determine 

(t) the peak value of current through thyristor and 
(it) the maximum value of di/dt through SCR. 
(6) For illustrating class C commutation, circuit of Fi 4 (a) 1 si 1 
} cli : nh, Fig. 5.4 (a2) is employed where 
V, = 200 V and R; = 10 Q. Find the value of C go that thyristor T1 is commutated in 50 ps. 

It is required that SCR T2 is turned off naturally when current through it. falls below the holding 

current of 4 mA. Find the value of P .. 
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[Hint : (6) When C is fully charged, current through T2 = holding current = =! etc.] 
2 


fe bl: 
pen (a) V, Mis > Amp/sec (6) 7.2155 uF, 50k 0 


5.11. In the circuit of Fig. 5.4 (a) employing complementary commutation ; V,=200V, R,=209 
and Ry = 1009. Determine the minimum value of C so that thyristors do not get turned on due to 
re-applied dv/di. Each SCR has a minimum charging current of 4 mA to turn it on and its junction 
capacitance is 20 pF. [Ans: 0.1 pF] 

5.12. For current-commutated circuit of Fig, 5.3 (a); V,=230 V,L=16yH and C=5 uF. Capacitor 
is initially charged to voltage V, with left hand plate positive. Auxiliary thyristor TA is turned on at 
f=0. Find the total time for which capacitor current i, exists. The peak resonant current is 1.5 times 
the full-load current. 





| mera | V,+V, | 
int: In Fig. 5.3 (6), f; -tg=C — i = te [Ans: 58.047 ys] 
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Phase Controlled Rectifiers 





Many industrial applications make use of controllable de power. Examples of such 
applications are as follows : 


(a) Steel-rolling mills, paper mills, printing presses and textile mills employing de motor 
drives. 


(b) Traction systems working on dc. 

(c) Electrochemical and electrometallurgical processes. 
(d@) Magnet power supplies. 

(¢) Portable hand tool drives. 

(f) High-voltage de transmission. 


Earlier, dc power was obtained from motor-generator (MG) sets or ac power was converted 
to de power by means of mercury-arc rectifiers or thyratrons. The advent of thyristors has 
changed the art of ac to de conversion, Presently, phase-controlled ac to dc converters 
employing thyristors are extensively used for changing constant ac input voltage to controlled 
de output voltage. In an industry where there is a provision for modernization, mercury-arc 
rectifiers and thyratrons are being replaced by thyristors. 


In phase-controlled rectifiers, a thyristor is turned off as ac supply voltage reverse biases 
it, provided anode current has fallen to a level below the holding current. The turning-off, or 
commutation, of a thyristor by supply voltage itself is called natural, or line commutation. 
In industrial applications, rectifier circuits make use of more than one SCR. In such circuits, 
when an incoming SCR is turned on by triggering, it immediately reverse biases the outgoing 
SCR and turns it off. As phase-controlled rectifiers need no commutation circuitry, these are 
simple, less expensive and are therefore widely used in industries where controlled dc power 
is required. 

In the study of thyristor systems, SCRs and diodes are assumed ideal switches which 
means that (z) there is no voltage drop across them, (ii) no reverse current exists under reverse 
voltage conditions and (iti) holding current is zero. 


Trigger circuits are not shown in SCR circuit for convenience. 


_ In this chapter, single-phase and three-phase controlled converters are described and the 
effect of source inductance on their performance is examined. Basic operating features of dual 
converters are also presented. 
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6.1. PRINCIPLE OF PHASE CONTROL 

The simplest form of controlled rectifier circuits consist of a single thyristor feeding dc 
power to a resistive load R as shown in Fig. 6.1 (a). The source voltage is v, = V.,, sin wt Fig 
, - J 4 | | e H re 
a 1 ee An oa conduct only when anode voltage is positive’and a gating signal is applied. 
suc : : 1yristor blocks the flow of load ‘current ty until it is triggered. At some delay angle 
G, & positive gate signal applied between gate and cathode turns on the SC Sataly 
peta, ! : een g . turns e SCR, Immediately, 
full supply voltage is applied to the load as Ug, Fig. 6.1 (6). At the instant of delay wale 
se Yo ranea from zero to V,, sin @ as shown. For resistive load, current i, is in phase with Up 
oe di of a thyristor is measured from the instant it would start conducting if it were 
Ee ies ; y a diode. In Fig. 6.1, if thyristor is replaced by diode, it would begin conduction 
e a es es ae ary anes é therefore measured from these instants. A firing angle 

may thus elned as the angle between the instant thvristor uct if it wer 
diode an hs eee ee yristor would conduct if it were a 





(a) 
Fig. 6.1. Single-phase half-wave thyristor circuit with Biaad 
53 ; (a) rei diagram and (6) voltage and current waveforms. 
uring angle may also be defined as follows : A firing angle is measur a) ang 

that gives the largest average output voltage, or the pape anals, wee ee ee 
6.1 is fired at ov=0, 2m, 4n ete., the average load voltage is the highest ; the firing ot ale 
should thus be measured from these instants. A firing angle may thus be defined-as the isle 
ape ae ee from the instant that gives the largest average output voltage to the instant it is 
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a Bs - ae is on, load current flows, until it is turned-off by reversal of voltage at 
su 2 ly aE peeneee angles of m, 3n, 5n etc. load current falls to zero and soon after the 
: on ae age reverse biases the SCR, the device is therefore turned off. It is seen from Fig 
es . a a, Varying the firing angle a, the phase relationship between the start of the load 
urrent and the supply voltage can be controlled ; hence the term phase control is used for 
such a method of controlling the load currents [3] . 

A single-phase half-wave circuit is one which. : : 

jae% ! : : l é which produces only one pulse of load current 
id ae of ee ee As the circuit shown in Fig. 6.1 (a) produces only one load 

{+ pulse tor one cycle of sinusoidal sourc een Sf Sg os" Bg : 

halfewayePayristor circuit ida source voltage, this circuit represents a single-phase 

In Fig. 6.1 (6), thyristor conducts from at =o r+ oe , 
a eeree M ducts Irom tt = @ to x, (2m + co) to 8m and so on. Over the firin 
angle delay a, load voltage v,=0 but during conduction angle (x - «), Uo =v,. As firing ste 
18 soeeeneet tr om zero to m, the average load voltage decreases from the largest value to zero. 

a The variation of voltage across thyristor is also shown as vy in Fig. 6.1 (6). Thyristor 4 

REY from cof = Oto 7, (20+ at) to 3x etc., during these intervals Ur = 0 (strictly speaking 
] : : ), It is off from m to (2m + G), 3m to (4x + «) ete., during these off interyals Up has the 
waveshape of supply voltage v, . It may be observed that v ; = Uo + vy. As the thyristor is reverse 
biased for m radians, the circuit turn-off time is given by ‘yy P 





It 
f.=— sec 
co 


where = 2nf and f is the supply frequency in Hz. 
The circuit turn-off time ¢, must be than Rt f time ¢ 
3 it. must be t the SCR turn-off time ¢. ci | 
ea : rn-oif time t, as specified by the 
Average voltage V, across load R in Fig. 6.1 for the single-phase half-wave circuit in terms 
of firing angle a is given by 


. Lf" neko Vin 
0-97 Ja Vin sin ot - @ (w¢) a (1+ cos cr) (6,1) 
The maximum value of Vp occurs at a = 0°, 
V V 
Yao op. 
a Oe e 1 
ue | Ya. V 
Average load curre = os 
ge load current, J, R ~ app (1+ 008 a) ...(6.2) 


: = ie types os loads, one may be interested in rms value of load voltage V,,.. Examples 
Or such loads : \ . = “ , | uxa 
Ware ads are electric heating and incandescent lamps. Rms voltage V.,. in such cases is 
a 

Qn 


Vue=| ada Va sin? wt -d 0 


V,, Wee ci 
= He (1 = Ct) + 9 $1 2a . (6.3) 
The value of rms current I, is 


Va r 


lor = 


Downloaded From : www.EasyEngineering.net 
| www.raghul.org 


© Wiki Engineering 





Downloaded From : www.EasyEngineering.net 


178 ——*[Art. 6.1] Power Electronics 





Power delivered to resistive load = (rms load voltage) (rms load current) 


=f olor == & | (6.4) 


Input voltamperes = (rms source voltage) (total rms line current) 
V2 Vv? i 


=VY.-7 = z ee as 
pe ley Rie| a) +5 sin 2 o 
- Power delivered toload _ Vor “Lor _ Vor 


= 


Input power factor 
Input VA oar ivi 





. | ve 
From Eq. (6.3), input pf= | (m™— cc) +3 sin 2 a | (6.5), 


6.1.1. Single-phase Half-wave Circuit with RL Load 

A single-phase half-wave thyristor circuit with RL load is shown in Fig. 6.2 (a). Line 
voltage v, is sketched in the top of Fig. 6.2 (b). At wt = a, thyristor is turned on by gating 
signal. The load voltage uv, at once becomes equal to source voltage v, as shown. But the 
inductance L forces the load, or output, current to to rise gradually. After some time, i, reaches 
maximum value and then begins to decrease. At wt=T, v, is zero but ly 1S not zero because 
of the load inductance L, After wt=n, SCR is subjected to reverse anode voltage but it will 
not be turned off as load current ig is not less than the holding current, At some angle 
B > 1, ip reduces'to zero and SCR is turned off as it is already reverse biased. After wt = B, 
v,=0 and 7,=0. At wt =2n+0, SCR is triggered again, Uy is applied to the load and load 





(a) bo) 
Fig. 6.2. Single-phase half-wave circuit with RL load 
(a) circuit diagram and (6) voltage and BEARER vw. EasyEngincering.net 
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current develops as before. Angle f is called the extinction angle and ( 6 — ca) =y is called the 
conduction angle. | 
The waveform of voltage vp across thyristor T in Fig. 6.2 (6) reveals that when wt = Ol, 
Up=V,, sin & ; from wt=« to B, v7>=0 and at w= 6, vrp=V,, sin B. As B> 1, up is negative at 
aor = P Thyristor is therefore reverse biased from wt =6 to 2x. Thus, circuit turn-off time 
t— , lp ; 
in= anf sec. For satisfactory commutation, t- should be more than t, the thyristor turn-off 


time, 
The voltage equation for the circuit of Fig. 6.2 (a) is 
, as ca | 
Vin Sin Ot = F ig tL. 


The load current iy consists of two components, one steady-state component i, and the 
other transient component i,. Here i, is given by 


Wo : | 
sph ye eo) 


| =] 
where o=tan : R and X= aL. Here ois the angle by which rms current J, lags V,. 


The transient component 1, can be obtained from force-free equation 


ai 
Ri-4 ee 


Its solution gives, i= Ae Pht 
= f / i a 
i, =i, +i,= > sin (ot — 6) +A, %/" (6.6) 


where" Z=NR? +X” 


Constant A can be obtained from the boundary condition at mt =a. 


At this time ¢ = = to = 0. Thus, from Eq. (6.6) , 


V 
O= > sin (a — 6) 4 Ae fa/Lo 


Z 
x V, 
or A =—* sin (a. - 9) eV” 
Substitution of A in Eq. (6.6) gives 

* ig a Vin ‘ FR | 

ig= > Sin (cof — o) — Z sin ( — o) exp. or (aoe — ct) ...(6.7) 
for a<ot< 6 
It is also seen from the waveform of i, in Fig. 6.2 (6) that when af = 6, load current 
to = 0. Substituting this in Eq. (6.7) gives : 5 


sin (B — 6) = sin (a — 6). exp {( -)(B — a) 
This transcendental equation can be solved to obtain the value of extinction angle §. In 
case § is known, average load voltage V, is given by 


D i : .EasyEng1 ing.ne 
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Lh a2 brge, en | 
Vo= on I V,,, sin aot d (at) = on (cos a — cos fh) ...(6.8) 


Average load current, I)= onR (cos a — cos By ...(6.9) 


1 
Rms load voltage, Vor | = I. V2, sin’ wt - d(wt) 


Vin | ¢ ds n20}] (6.10) 
=e (B — a) — 5 jsin 2B — sin 201) (6. 
Rms load current can be obtained from Eq. (6.7) if required. 

6.1.2. Single-phase Half-wave Circuit with RL Load and Freewheeling Diode 
The waveform of load current i, in Fig. 6.2 (6) can be improved by connecting a 


freewheeling ( or flywheeling ) diode across load as shown in Fig. 6.3 (a). A freewheeling diode 
is also called by-pass or commutating diode. At wt = 0, source voltage is becoming positive. 
At some delay angle a, forward biased SCR is triggered and source voltage v, appears across 
load as up. At wt =n, source voltage v, is zero and just after this instant, as v, tends to reverse, 
freewheeling diode FD is forward biased through the conducting SCR. As a result, load current 
i) is immediately transferred from SCR to FD as v, tends to reverse. At the same time, SCR 





Lo Mode ti 


(a) | (Byirvbewes 
Fig. 6.3. Single-phase half-wave circuit with RL load and a freewheeling diode, 
(a) circuit diagram and (6) voltage and current waveforms. 


es Downloaded From : www.EasyEngineering.net 
~ © Wiki Engineering : www.raghul.org 









== =ontoaded-Eror : www.EasyEngineering.net__ ee 





[Art. 6.1] 


Phase Controlled Rectifiers 181 






IS subjected to reverse voltage and zero current, 1t is therefore turned off at af = nm. It is 
assumed that during freewheeling period load current does not decay to zero until the SCR 
is triggered again at (2m + «). Voltage drop across FD is taken as almost zero, the load voltage 
Uy 18, therefore, zero during the freewheeling period, The voltage variation across SCR is 
shown as vy in Fig. 6.3 (b). It is seen from this wave-form that SCR is reverse biased from 
of=T to wt = 2n, Therefore, circuit turn-off time is | 


in ~ sec 
C w 


The source current i, and thyristor current i; have the same Wavelorm as shown. 


Operation of the circuit of Fig. 6.3 (a) can be explained in two modes. In the first mode, 
called conduction mode, SCR conducts from o to m, 20+ to 3m and so on and FD is reverse 
biased. The duration of this mode is for [(n—- ct)/@] sec. Let the load current at the beginning 
of mode J be J,. The expression for current 7) in mode J can be obtained as follows : ; 


Mode I : For conduction mode, the voltage equation is 


Bre A et di, 
Vin sin wt = Ri, +L 





lts solution, already obtained in the previous section, is repeated here from Eq. (6.6) as 


V 
=> sin (coe -¢)+Ae Lik/ Ly 


At w@t=a, ip=Iy, ie, at t= sto =Iq —_<— 


| 14-7 sin (ao | om 


V,, oR 
lo =F sin (cot — $) ff ~ sin (% — ) exp - z('-a} ...(6,11) 


Note that for mode IlLasot<sn 

Mode IT : This mode, called freewheeling mode, extends from x to 2n +a, 3x to 4n +o and 
so on. In this mode, SCR is reverse biased from r to 2n, 3m to 4m... as shown by voltage 
waveform vy in Fig 6.3 (b). As the load current 1s assumed continuous, FD conducts from 7 
to (20 +0), 3n-to-(4m + ®) and so on. Let the current at the beginning of mode II be Io] as 
shown. As load current is passing through FD, the voltage equation for mode II is 


Le it 
0 = Fit, — Le “dt ; 
Its solution is Iga en 2 | 
At wt =n, ty = I). 
It gives A= i, oltn/al, 
ae FR m \| - 
tg =Ip,- exp| — L t— ‘a } = (6,12) 
, 3 


Note that for mode II, Tl < wt S (20 + o) 
Average load voltage Vo from Fig. 6.3 (6) is given by 


et : Vis > Www syEngineering ne 
ae Vo= * J, Vn sin ct d (cot) = ae CE EES ym | WN SCRE) 
4 ikEngineer . D 2h ew 
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a Spel Hs 
Average load current, i, = i onR (1+ cos a) ...(6,14) 


Note that load current 7, is contributed by SCR from « to x, (2m +) to 3x and so on and 
by FD from 0 to a, x to (2n+.) and so on . Thus the waveshape of thyristor current i» is 
identical with the waveshape of [, for mt = to nm, (2m + co) to 3x and so on. Similarly, the wave 
shape of FD current te 18 identical with the waveform of i, for wt = 0° to a, % to (2n+ () anrd 
s0 on. 

In Fig. 6.2, load consumes power p, from source for o to m (both Up and ty are positive) 
whereas energy stored in inductance L is returned to the source as power Ps for x to B (ug is 
negative and fy is positive ), As a result, net power consumed by the load is the difference of 
these two powers p, and ps. In Fig. 6.3, load absorbs power for & to m, but for r to (27 + ci), 
energy stored in L is delivered to load resistance 2 through the FD. As a consequence, power 
consumed by load is more in Fig. 6.3. It can, therefore, be concluded that power delivered to 
load, for the same firing angle, is more when FD is used. As volt-ampere input is almost the 
same in both Figs. 6.2 and 6.3, the input pf(= power delivered to load/Anput volt-ampere} 
with the use of FD is improved. 

_ itis also seen from Figs. 6.2 (6) and 6.3 (6) that load current waveform is improved with 
FD in Fig. 6.3 (6). Thus the advantages of using freewheeling diode are 
(t) input pf is improved 
(2t) load current waveform is improved and 
(171) as a result of (ii), load performance is better. 

It may be seen from Fig, 6.3 (b) that freewheeling diode prevents the load voltage v, from 
becoming negative, Whenever load voltage tends to go negative, FD comes into play. As a 
result, load current is transferred from main thyristor to FD, allowing the thyristor to regain 
its forward blocking capability. 

It is seen from Figs. 6.2 (b) and §.3 (6) that supply current 1, taken from the source is 
unidirectional and is in the form of de pulses. Single phase half-wave converter thus 
introduces a de component into the supply line. This is undesirable as it leads to saturation 
of the supply transformer and other difficulties (harmonics etc.). 

| These shortcomings can be overcome to some extent by the use of single-phase fullwave 
circuits discussed in Art. 6.2. 

6.1.3. Single-phase Half-wave Circuit with RLE Load 

A single-phase half-wave controlled converter with RLE load is shown in Fig. 6.4 (a), The 
counter emf E in the load may be due to a battery or a de motor. The minimum value of firing 
angle is obtained from the relation V,,, sin wt = E. This is shown to oceur at an angle 6, where 


6,=sin’ (E/V,,) (6,15) 


In case thyristor T is fired at an angle a < 0,, then E> V., SCR is reverse biased and 
therefore it will not turn on, Similarly, maximum value of firing angle is 0,=n— 4), Fig, 6.4 
(6). During the interval load current i, is zero, load voltage U, = and during the time i, is 
not zero, vp follows v, curve. For the circuit of Fig. 6.4 (a), KVL gives the voltage differential 
equation as or 
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La eas 
Ym Sin ot = Rip+L 24 x (6.16) 





: Z : is made up of two comnn 
component i, and the transie ure P Of two components ; namely ste oe 
as the sum of i.) and ns ae “urrent component i,, For sdineiane ae tate ee 
alone aiid i. gas: en a ‘91 18 the steady state current due to aoa, j ought of 
| os : to de counter emf FE act; | | Ollage acting 
Eo. (64): 4... mi acting al in f or : 
1: (6-6), i, due to source voltage V,, sin wt is Svae aS “ein the presentation leading to 


; V 
tl.) =—— sin (az — o) 


Zz 
If onl 
y £ were Present, then steady state current lt.» would be given b 
n by 
io>= (E/R) roe 


The transient cr 18 gi 
sient current i, is given by 1,=Ae~ @/Lit 


£ +A eW (RL 


R 
Downloaded From : www.EasyEngineering net 
www.raghul.org 


Thus | i ' ye 7 . * T ‘ 
the total current ip is given by i, = Lita fies V., a ; 
| "koe C= 
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: ; E Vin . ia ~Ro' Low 
At of = a, i, = 0, Le. at t=" ij = 0, This gives A=| BF sin ® | 


| Ae ne re Be eee oe ee eee aap 
o=¥p[ win oe 9)-sinca- exo { J or-ar} || 2-2} ane a) || 
(6.17) 


Eq. (6.17) is applicable for,o = as 8. The extinction angle 8 depends upon load emf £, 
firing angle o and the load impedance angle 9. 


inductance is zero. Thus, average value of load current can be 
sin wt — E)/R between o and f, The average load current Jp 15 


basa a (V,, sin ot - E) wo | 


pp te. ‘ _eos 8) -E (8-0) (6.18) 
=o [V,, (cos & — cos B) (B — a) 


Average voltage across 
obtained by integrating (V,,, 
therefore given by 


Here conduction angle y=B-—a@. Putting B=y+o in Eq. (6.18 ) gives 


I [V,, {cos w— cos (y+ o)}-E- y] 


ee 
0” 2nR 
Using the trigonometric relation, 


cos x —cos y =2 sin 


KEV. YX 
aa 


the above expression for J, can be written as 


Io= gig) 2¥asin( ag Join -2 7] (6.19) 


Average load voltage V, is given by 
tae dD oe call cee eR A ve 5 ) 
Vo=B+IQR=E+ 3] 2Vp sin a+ |sin a V E| 


nee flee tate recy ca lanes (6.20) 
= fi 1-x +e Sn a+% sn 5 | 


The above expression for the average load Voltage V, can also be obtained as under 


For periodicity 2m, extending from a to (2m + a), we have 


Vo= iy V,, sin ot - d(wf)+ EB (2n + a— 7 

20 |" a 
= {Va (cos & — COs 8)+ E (27+ a- B) | 

In case § is made equal to (y+) in the above expression, Eq. (6.20) can be sprained 

If load inductance L is zero in Fig. 6.4 (a), then extinction angle B would be equal to 
8, and y=$ -a=@,- a. But 9,=n-6, This gives B=6,=n-6, andy=n-6,— a. 
Substituting these in Eq. (6.18), we get average load current J, as under : 





Ip = 5g Vm (C05 04 — 08 (r.—0,)) —E (x 8, ~ 0) 


Po 
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1 | 
= oR Mm (cos & + cos 8,) — E (xn — 0, — a] (6.21 a) 


Vo=E+IR= E+ 5- [V,, (cos @+ cos 6,) - E (n- 6, — a) 
oe 





ita ¥ 
= ae (cos @ + cos 0,) + us 1+ (6.21 6) 


2 
Assuming thyristor T in Fig. 6.4 (a) to be fired continuously with L = 0, we get 6, =a and 
from Eq. (6.21a), 
1 
I= on [2 V_, cos 6, — E (n- 2 0,)] ...(6.22 a) 
where 0, is given by Eq, (6.15), 
1 | 
Vor E+ipR=E+—- [2 V,, cos @, — E (n - 2 0,)) 


Vin E 20, 
=~ 00s 8,+ 2 0 a ‘ (6.22 5) 


For no inductance in the load circuit, B=n-—«a as stated above. The rms value of load 
current for L =0 is obtained as under : 


— 1/2 
I=] 53 | (Vm in of)? da) 





onk* *% 
9. eee | 1/2 
-| ds ; (V2. sin” Of +BY 2 VB sn.) (00) 
Its simplification gives | 


' x. ; | 41/2 
i. -| aaa {(E* + V*) (nm — 20) + V; sin 2a-4V,, E cosa} ...(6.23) 





Power delivered to load, 


P=F R+1,E watts (6.24) 
I, R- ! 
Supply power factor = aa ... (6.25) 
OF 


The time variation of voltage across thyristor is shown as Up=—E in Fig. 6.4 (6). At 
@=0, v,=0, and therefore, vp=-E. At wt=0,v,=E, therefore u,=0. At wt=a, 
v.=V,, sin a, therefore vp=V,, sina —E. During the conduction angle y=($-—0), v;=0. At 
wt = 6, uv, has reverse polarity. Therefore, just after thyristor is turned off at wt =, voltage 
vp =-(V sin (B—)+#]. It is also possible to write Up=V,,51nB-F at wt=f, because 
V, 5in B is negative for B > m. The magnitude of maximum reverse voltage is (V_, + E) as shown 


in Fig. 6.4 (5). Fig. 6.4 (b) also reveals that circuit turn-off time is =F Sec, 


Example 6.1. A single-phase 230 V, 1 kW heater ts connected across I-phase, 230 V , 50 
Hz supply through an SCR. ¥or firing angle delays of 45° and 90°, calculate the power 
absorbed in the heater element. + 


. Fe 
Solution. Heater resistance R= 230)" QO 
1000 Downloaded From : www.EasyEngineering.net 
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From Ea. (6.3), the value of rms voltage for «= 45° is 
1/2 
+4 sin 90° | = 155.071 V 





Yor“ ole || 44) 2 
+ Power absorbed by heater element for a= 45° is 
12 
Ver z 80 x 1000 = 454.57 watts 
For «= 90°, rms voltage is 
1/2 
V2 -230//(, _% =115V | 
Wee ae ey te j 
.» «. Power absorbed for o = 90° is 
Ye ian acs 
— =| —— 1000 = 250 watts. 
R | 230 | 


is charged through a resistor R as shown in Fig. 6.5 (a). Derive 


Example 6.2. A de battery terms of V,, E, R ete. on the 


an expression for the average value of charging current in 
assumption that SCR is fired continuously. 
(a) For an ac source voltage of 230 ¥, 50 He, 
for R=8 Qand E = 150 V. 
(b) Find the power supplied to batte 
(c) Calculate the supply pf. te 
Solution. For the circuit of Fig. 6.5 (a), the voltage equation 1s 
V,, sin ot = E + ik 
 YV_ sin ot -E 
or | p= tie 


find the value of average charging current 


ry and that dissipated in the resistor. 





(a) 


Fig. 6.5, (a) Power circuit diagram (b) various waveforms for Example 6.2. 


— EF and is turned off when 


+ ig seen from Fig. 6.5 that SCR is turned on when V,, sin 0; 
It is seen from Fig. 6.0 tha 5 7 average current Ig 


V., sin 8, =E, where 0, =" — §,. The battery charging requires only the 
given by 


| set, ane oF 
Ip = OnR I 8, vs sin of — E) d(wt) | 
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dey hayes a 
= nk [2V COs 8, = Kix = 20,)! 


(a) Here 3, = sin oa = 27,466° 


ee 
an: 8 


(6) Power supplied to battery = EJ, = 150 x 4.9676 = 745.14 W. 


227.496 \l_ , pane 
180 | = 4,9676 A. 





I,= ae 2-2 - 230 cos 27.466° - 150 tt — 


For finding the power dissipated in R, rms value of charging current must by obtained 
From Eq. (6.23), 





an - 180 
—4.V2 - 230-150 cos 27.466°)]'”* = 9.2955 A. 
“s Power dissipated in resistor = (9.2955)" x 8 = 691.25 Watts. 
_ 691.25 + 745.14 
230 « 9.2955 
Example 6.3. A 230 V, 50 Hz, one-pulse SCR controlled converter ts triggered at a firing 
angle of 40° and the load current extinguishes at an angle of 210°. Find the circutt turn off 
time, average output voltage and the average load current for 


I -| E gg {5 + 230") [a 2 x 27.466——— } (230)* sin 2 x 27.466 


(c) From Eq. (6.25), supply pf = 0.672 lagging. 





(a) R=5 Qand L=2mHr ir (7 AL 

(6) R=50,L=2mH and E=110V. 

Solution. (a) For this part, refer to Fig. 6.2. It is seen from this figure that circuit turn 
off time f, 


_2n-B (360-210) x ‘ / i Ua 
@ ~180x2nx50 °° Se 210" 
From Eq. (6.8), average output voltage AH 
(7, J2 08 4 
VYo= e [cos 40° — cos 210°] = 84.477 V “Gy hes 
V: 
Average load current IJ,= == wat seen UT _ 16.8954 A. 


(b) Fig. 6.4 shows that circuit turn-off time is again 8.333 m-sec. From Eq. (6.18), average 
load current 


ee ee te ae eames ce fetal (hy viele Ty all nell (Mee | 
n= 95-8] 2 230 (cos 40° — cos 210°) — 110 (210 — 40) 1a | =65064A 


% © 
-. Average load voltage, V, =#+J],R =110+ 6.5064 x 5= 149.04 V. * s/ 


6.2. FULL-WAVE CONTROLLED CONVERTERS Fre 
There is a large variety of SCR controlled coverters (or rectifiers), One way of classifying 
these ac to de converters is according to the number of supply phases on the input side. As 
per this classification, the ac to de converters discussed in Figs. 6.1 to 6.4 are single-phase 
half-wave converters. Three-phase controlled rectifiers, as the name suggests, have 
three-phase supply on their input side, these are discussed later in this chapter. The other 
way of classification is according to the number of load current pulses per cycle of source 
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voltage. It is seen from Art 6.1 that single-phase half-wave controlled rectifiers produce only 
one pulse of load current during one cycle of source voltage, these can therefore be termed 
as single-phase one-pulse converters. Thus, the controlled rectifiers discussed in Figs. 6.1 to 
6.4 are all single-phase one pulse converters. 





i-phase supply —» 
« J-phase supply = 





—ToAo SS —_—_____ 


(at) (5) 
Fig. 6.6. (a) Single-phase two-pulse mid-point converter and 
(5) three-phase six-pulse mid-point converter. 

The disadvantages of single-phase half-wave, or single-phase one-pulse converter, are 
minimised by the use of single-phase full wave, or single-phase two pulse, converters. In 
practice, there are two basic configurations for full-wave controlled converters. One 
configuration uses an input transformer with two windings for each input phase winding. 
This is called mid-point converter. Asingle-phase two-pulse mid-point SCR converter is shown 
in Fig. 6.6 (a) and a three-phase 6 pulse mid-point converter in Fig. 6.6 (6). 


aes 





(a) 
Fig. 6.7. (a2) Single-phase two-pulse bridge converter and 
(>) Three-phase six-pulse bridge converter. 

The second configuration uses SCRs in the form of a bridge circuit. Single-phase full-wave, 
or two-pulse, bridge converter using four SCRs is shown in Fig. 6.7 (a) and a three-phase 
six-pulse bridge converter using six SCRs in Fig. 6.7 (b). A bridge converter has some 
advantages over mid-point converter, these will be discussed after both these configurations 
are studied in the next article. 

6.3. SINGLE-PHASE FULL-WAVE CONVERTERS 

In single-phase two-pulse (or full-wave) converters, voltage at the output terminals can 
be controlled by adjusting the firing angle delay of the thyristors. Mid-point or bridge-type 
circuits may be used for ac to de conversion, In this section, first mid-point and then 
bridge-type configurations are discussed with input from single-phase source. 
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6.3.1. Single-phase Full-wave Mid-point Converter 


The circuit diagram of a single-phase full-wave converter using a centre-tapped 
transformer is shown in Fig. 6.8 (a). When terminal a is positive with respect to n, terminal 
nm 18 positive with respect to 6. Therefore, Van = Un, OF Ug, =— Uz, a8 n is the mid-point of 
secondary winding. Equivalent circuit of this arrangement is shown in Fig. 6.8 (b). It is 
assumed here that load, or output, current is continuous and turns ratio from primary to 
each secondary is unity, | 





(5) G 
Fig. 6.8. Single-phase full-wave mid-point converter (cz) Be diagram 
(6) equivalent circuit and (c) various voltage and current waveforms. 

Thyristors Tl and T2 are forward biased during positive and negative half cycles 
respectively ; these are therefore triggered accordingly. Suppose T2 is already conducting. 
After f= 0, v,,, 18 positive, T1 is therefore forward biased and when triggered at delay angle 
a, Tl gets turned on. At this firing angle «, supply voltage 2V,, sin o reverse biases T2,, this 
SCR is therefore turned off. Here T1 is called the incoming thyristor and T2 the outgoing 
thyristor. As the incoming SCR is triggered, ac supply voltage applies reverse bias across the 
outgoing thyristor and turns it off. Load current is also transferred from outgoing SCR to 
incoming SCR. This process of SCR turn off by natural reversal of ac supply voltage is called 
natural or line commutation. | | . 
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From the equivalent circuit of Fig. 6.8 (b), it is seen that if 
Von = Vm Sin wf, 
then Vin = — Uny = — Vi, SI Ot 
and Uah =Van + Unp = 2Vm Sin cot 
When wt =a, Tl is triggered. SCR T2 is subjected to a reverse voltage v,, =2V,, sin @ as 
stated before : current is transferred from T2 to Tl and as a result T2 is turned off. The 
magnitude of reverse voltage across T2 can also be obtained by applying KVL to the loop 
efghe of the equivalent circuit of Fig. 6.8 (6b) at the instant T1 is triggered. Thus, 
Ure — Ube tT = () 
or O79 = Un, — Von t+ UT 
With Tl conducting, v;, =0. Therefore, the voltage across T2,, at the instant wf =o is 
given by 
Ur =— V,, sina—-V_, sina =—2V, sin o 
This shows that SCR T2 is reverse biased by voltage 2V,, sin a and it is therefore turned 
off at af =a. Thyristor T1 conducts from « to +a, After wt=n, Tl is reverse biased but it 
will continue conducting as the forward biased SCR T2 is not get gated. At of =n+a, T2 is 
triggered, Tl is reverse biased by voltage of magnitude 2V_, sin a, current is transferred from 
Tl to T2, Tl is therefore turned off. 
At ot = a, T2 is turned off and it remains reverse biased from wt = o to 1, this can be seen 
from Fig. 6.8 (c). The turn-off time provided by this circuit to SCR T2 is therefore given by 


t. = —— = see ... (6.26) 





Thyristor T1 is turned off at ot =n+a and Fig. 6.8 (c) reveals that Tl is subjected to a 
reverse voltage from o¢ =n+a to wt =2n. Therefore, this circuit provides a turn-off time to 
thyristor T1 as 








Ee wo 
which is the same as provided to thyristor T2 ; Eq. (6.26). 
It is seen from voltage waveform up, Fig. 6.8 (c) , that average value of output voltage is 
piven by 


1 ne | | 2V in ? . 
Vo= = is V,, 3in wf - d (wt) = a cos a * (6.27) 


The circuit turn-off time t,, Eq. (6.26), as provided by this circuit of Fig. 6.8 (2) must be 
greater than SCR turn-off time ¢, as given in the specification sheet. In case ¢, <t,, 
commutation failure will occur and the whole secondary winding will be short circuited. 
During commutation failure, if the rate of rise of fault current is high, the mcoming SCR may | 
be damaged in case protective elements do not clear the fault, Fig. 6.8 (c) reveals that each 
SCR is subjected to a peak voltage of 2V,,. 


The following observations can be made from the above study. 


(i) When commutation of an SCR is desired, it must be reverse biased and the incoming 
SCR must be forward biased. 
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(iz) When incoming SCR is gated on, current is transferred from outgoing SCR to incoming 
SCR. 

(iii) The circuit turn-off time must be greater than SCR turn-off time, 

It is seen from above that thyristor commutation achieved by means of natural reversal 
of line voltage, called line or natural commutation, is simple ; it is therefore employed in all 
phase-controlled rectifiers, ac voltage controllers and cycloconverters. 

6.3.2. Single-phase Full-wave Bridge Converters 

Phase-controlled single-phase, or three-phase, full-wave converters are primarily of three 
types : namely uncontrolled converters, half-controlled converters and fully-controlled 
converters. An uncontrolled converter or rectifier uses only diodes and the level of de output 
voltage cannot be controlled. A half-controlled converter or semiconverter uses a mixture of 
diodes and thyristors and there is a limited control over the level of de output voltage. A 
fuily-controlled converter or full converter uses thyristors only and there is a wider control 
over the level of de output voltage. Ay, Ny. 





























A semiconverter i8 one—quadrant | 
converter. A one-quadrant converter has one 
polarity of de output voltage and current at 
its output terminals, Fig. 6.9 (a). A 
two-quadrant converter is one in which 
voltage polarity can reverse but current | 
direction cannot reverse because of the | 
unidirectional nature of thyristors, Fig. 6.9 t= ib 

, is part of the section, single-phase ° i : 


Bridge type full converters and (a) 
ede pA eel ee Fig. 6.9. (a) OQne-quadrant converter and 
semiconverters are studied in detail. ii tmaenladrent converter, 


6.3.2.1. Single-phase full converter 





A single-phase full converter bridge using four SCRs is shown in Fig. 6.10 (a). The load 
is assumed to be of RLE type, where E£ is the load circuit emf. Voltage E may be due to a 
ba tery in the load circuit or may be generated emf of a de motor. Thyristor pair Tl, T2 is 

multaneously triggered and nm radians later, pair T3, T4 is gated together. When a is positive 
; “with respect to b, supply voltage waveform is shown as v,, in Fig. 6.10 (6). When 6 is positive 


4% with eee to a, supply voltage waveform is shown dotted as v,,. Obviously, u,, =—,,- The 
irrent directions and voltage polarities shown in Fig. 6.10 (a) are treated as positive. 


Load current or output. current i, is assumed continuous over the working range ; this 
1ean hat load is always connected to the ac voltage source through the thyristors. Betweer. 
n=O nd wt =o; Tl, T2 are forward biased through already conducting SCRs T3 and T4 
ar « the forward voltage. For continuous current, thyristors Ts, T4 conduct after 
a i= Qeven though these are reverse biased. When forward biased SCKs Tl, T2 are trigger 

i t Ont = Ch, g, they get turned on. As a result, supply voltage V,, sin & immediately appears across 
thy stor s T3, T4 as a reverse bias, these are therefore are Tamind off by natural, or Ime, 
comr puta jon. At the same time, load current é ig flowing through T3, T4 is transferred to Tl, 
T? a ot = ct, Note that when Tl, T2 are gated at wt =a, these SCRs will get turned on only 


if a a>. Thyristors T1, T2 conduct from of =a ton+o. At ot=n+c, forward biased 


s T3, T4 are triggered. The supply voltage turns off T1, T2 by natural commutation and 
the | Loe ad current is transferred from Ti, T2 to TS, TA. 
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; @ y ms 21 m™ r-  -. oa 
TaT4> 5 KT +e) | i (2r+a) (37 +e) wt 
aba i «- Source current 
, wt 





. , Voltage 
across TlorT? 





(a) 
Fig. 6.10. (a) Si : Eos (6) 

conc, ons and ern wave each RUE 
iverson Tl, T2 is shown as Uri = Uro and that across T3, T4 as Ups =v 
tneatsities ists i a ~ BY jected to a reverse voltage of V,, sin &. Source current ; is 
positive when T1, T2 ar : sai e aineetion, winder this assumption, source current is shox : 

ore é ; are conducting and negative when T3, T4 are conducting, Fig. 6.10 (b), 
aie : eet fee , are positive, power therefore flows from ac source to as 
some of its energy to the ne a *s iS negative but z, is positive, the load therefore returns 
hislass Ge ‘ in Fig. de oa But the net power flow is from ac source to de load 

The load terminal voltage -conve . : . 
i ites cive ist cere e ui Cea kas gee voltage, uv, is shown in Fig. 6.10 (0). 


Vp 





| x | 1 t+c | 
tw nAr Xr YW==), Vin Sin wet - d(wt) = cos oO ... (6,28) 
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Eq. (6.28) shows that if a> 90°, V, is 
negative. This is illustrated in Fig. 6.10 (c), 
where « is shown greater than 90°. In this 
figure, average terminal voltage V, is nega- 
tive. If the load circuit emf E is reversed, 
this source E will feed power back to ac 
supply. This operation of full converter is 
known as inverter operation of the con- 
verter. The full converter with firing angle 
delay greater than 90° is called /ine-com- 
mutated inverter. Such an operation is used 
in the regenerative braking mode of a de 
motor in which case then £ is counter emf of 
the de motor, 

During 0 to o, ac source voltage v, 18 
positive but ac source current is negative, 
power therefore flows from dc source to ac 
source. From a to n, both v, andi, are 
positive, power therefore, flows from ac 
source to de source. But the net power flow 
is from dc source to ac source, because 
(m — a) < o in Fig. 6.10 (ce). | 


In converter operation, the average 
value of output voltage V, must be greater 
than load circuit emf E. During inverter | 
operation, load circuit emf when inverted 
to ac must be more than ac supply voltage. 
In other words, dc source voltage E must 
be more than inverter voltage V), only then eer eio chen ©) Oe te eet rs 

ower would flow from dc source to ac es 5 
spoty system. But in both converter and single-phase full converter of Fig. 6.10 (a) for ot > 90° 90°, 
in modes, thyristors must be forward biased and current through SCRs must Ader in 

‘same direction as these are unidirectional devices. This is the reason output current i 
is shown positive in Fig. 6.10 (c). As before, source current 7, is positive when T1, T2 are 
conducting. 


_ The variation of voltage across thyristors Tl, T2 T3 or T4 reveals that circuit turn-off 
time for both converter and inverter operations is given by 





St 
{.= moe 
‘As both the types of phase-controlled converters have been studied, the advantages of 


single-phase bridge converter over single-phase mid-point converter can now be stated : 


(i) SCRs are subjected to a peak inverse voltage of 2 V,, in mid-point converter and V,, 


in full converter. Thus for the same voltage and current ratings of SCRs, power handled by 
mid-point configuration is about half of that handled by bridge configuration, see Example 
6.4. 
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(ut) In mid-point converter, each secondary should be able to supply the load power. As 
such, the transformer rating in mid-point converter is double the load rating. This, however, 
is not the case in single-phase bridge converter. 

It may thus be inferred from above that bridge configuration is preferred over mid-point 
configuration. However, the choice between these two types depends primarily on cost of the 
various components, available source voltage and the load voltage required. Mid-point 
configuration is used in case the terminals on de side have to be grounded. 

Example 6.4. SCRs with peak forward voltage rating of 1000 V and average on-state 
current rating of 40 A are used in single-phase mid-point converter and single-phase bridge 
converter. Find the power that these two converters can handle. Use a factor of safety of 2.5. 

Solution. Maximum voltage across SCR in single-phase mid-point converter is 2V,,, Fig. 


1000 _sonv 


6.8. Therefore, this converter can be designed for a maximum voltage of 2x25 


“, Maximum average power that mid-point converter can handle 
2x 200 


Fi. 


1000 
SCR in a single-phase bridge converter is subjected to a maximum voltage of V,,, Fig. 
6.10. Therefore, maximum voltage for which this converter can be designed is 
1000 _ | 
25 7 400 V 
.. Maximum average power rating of bridge converter 
2x400 _,, , | 
=T000%n* 40 = 10.186 kW. 
6.3.2.2. Single-phase semiconverter. A single-phase semiconverter bridge with two 
thyristors and three diodes is shown in Fig. 6.11 (a). The two thyristors are T1, T2: the two 
diodes are D1, D2 ; the third diode connected across load is freewheeling diode FD. The load 
is of RLE type as for the full converter bridge, Various voltage and current waveforms for 
this converter are shown in Fig. 6.11 (6), where load current is assumed continuous over the 
working range. 





After wt = 0, thyristor T1 is forward biased only when source voltage V,, sin wt exceeds 
£. Thus, T1 is triggered at a firing angle delay o such that V_, sin a> £. With T1 on, load 
gets connected to source through T1 and D1 For the period wt = « to m, load current Iy flows 
through RLE, D1, source and T1 and the load terminal voltage uv, is of the same waveshape 
as the ac source voltage v,. Soon after wt =m, load voltage Up tends to reverse as the ac source 
voltage changes polarity. Just as Ug tends to reverse (at wf=7+), FD is forward biased and 
starts conducting. The load, or output, current ij is transferred from T1, D1 to FD. As SCR 
Tl is reverse biased at wt=n+ through FD, T1 is turned off at wf =n-+. The load terminals 
are short circuited through FD, therefore load, or output, voltage vp is zero during 
t<at<(n +o). After wt=x, during the negative half cycle, T2 will be forward biased only 
when source voltage is more than £. At wt =1n+ a, source voltage exceeds EF, T2 is therefore 
triggered. Soon after (n+), FD is reverse biased and is therefore turned off : load current 
now shifts from FD to T2, D2. At wt =2n, FD is again forward biased and output current tp 
is transferred from T2, D2 to FD as explained before. The source current i, is positive from 
aa x Tl, D1 conduct and is negative from (x +) to 2x when T1, D2 conduct, see Fig. 
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load-circuit emf E and partially dissipated as heat 
in R. During the freewheeling period m to (n+ a), 
energy stored in inductance is recovered and is 
partially dissipated in R and partially added to the 
energy stored in load emf FE. No energy is fed back 
to the source during freewheeling period. 


_ For semiconverter, the average output voltage 
V), from Fig. 6.11 (5), is given by 


==. V,, sin at - d (wt) = — (1+ cos @) 


.--(6.29) 


. The variation of voltage across Tl and T2 is 

also depicted in Fig. 6.11 (6). It is seen from these 
waveforms that circuit-turn off time for the 
semiconverter is 
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(a) (5) 
Fig. 6.11. Single-phase semiconverter bridge (a) Power-circuit diagram with RLE load and 
(6) voltage and current waveforms for continuous load current. 
During the interval a to x, T1 and D1 conduct and ac source delivers energy to the load 
circuit. This energy is partially stored in inductance L, partially stored as electric energy in 







Semi converter 


y 
FUL, 
converter 








(c) 
Fig. 6.11. (c) Converter output voltage as a 
function of firing angle for semi- and 
full-converters. 
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T — ot 
t= sec 
a 

The variation of average value of converter output voltage as a function of firing angle 
o is shown in Fig. 6.11 (c) for semiconverter and full converter. 

6.3.2.3. Analysis of two-pulse bridge converter with continuous conduction. In this 
part of the section, steady state analysis of single-phase two-pulse converter of both the types 
is presented. 

Semiconverter. During conduction period, the voltage equation for the circuit of Fig. 
6.11 (a), is 





diy 
Up=v,=Rig +L— +E ...(6,.30) 
for a<afsn 
During freewheeling period, the voltage equation is 
di | 
0=Rig+ L— +E (6.31) 
for i < of S (1+ &) 
Integration of the above voltage equa one over the respective time intervals gives, 


1 


ma 
From Eq. (6.30), [. vydt=RJ_. y igdt +1 diy+| Edt 


From Eq. (6.31), 


{1 +) (m+ co 


0- dt = -RJ igat +L J di+| E-dt 


mo 
In the above equations, 1, = output current at 
of=a,m+aetc. andr, =output current at 
wt =, 2m ete. 
Adding the respective terms from the above two equations and dividing the sum by the 
time of one-half cycle, (z.e. T/), 





Tt : (R+ Ae 
® Joo Vm sin ot dt =2-% | igdt +L igi) + yi) + 2 h-atata—z 
or VV) =RI,+£ (6.32) 
V, 
where Vo= 2 (1 + cos a) = average voltage applied to the load 


I, = average load current ; E = Load circuit emf 
In case load is a de motor, then E=K,, w,,; H=r,, armature-circuit resistance I, =, 
armature current ; T,=K,, I,, | 
where T= electromagnetic torque in Nm. 
K,,, = torque constant in Nm/A, or emf constant in V-sec/rad 
Vo= ee + KOm 


Vo-r 
z og = ert 
‘FT 
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: (V_./my(l+cosa) r 
or ©, =——————_ - = T, (6.33 
; En Ke oe 


Full-converter. The voltage equation, for the circuit of Fig. (6.10) (a), is 


di 
vp =0/=Ri,+L— +E 





dt 
Its average value, as in a semi-converter, is 
V ,=RI,+E (6.34) 
where . Vo= ce cos Oo 


In case load is a de motor, V, =r,J, + KW, 
_(2V,,/m) cosa 7, 


it Tt 


Example 6.5. A single-phase full converter bridge is connected to RLE load. The source 
voltage is.230 V, 50 Hz. The average load current of 10 A is continuous over the working range. 
For R=0.4Q and L=2m H, compute vay 

(a) firing angle delay for E = 120 V, 

(6) firing angle delay for E = — 120 V. 

Indicate which source is delivering power to load in parts (a) and (b). Sketch the time 
vartations of output voltage and load current for both the parts. 

(c) In case output current is assumed constant, find the input pf for both parts (a) and (6). 

Solution. (a) For EF = 120 V, the full converter is operating as a controlled rectifier. 

—2 cosa=E+I)R 
2.2 -230 
Tt 





or cos @=1204+10x0.4=1294V 


or ao = 53.208 = §3.21° 
For a = 53.21°, power flows from ac source to dc load. 
(6) For E =- 120 V, the full converter is operating as a line cominutated inverter. 
ooN2 - 230 “2: 230 cos = -120+10%0.4=-116V or a= 124.075 =124.1° 
For o = 124.1°, the power flows from de source to ac load. 
Output voltage and load current waveforms for « = 53.21° can be drawn by referring to 
Fig. 6.10 (6) and for « = 124.1° from Fig. 6.10 (c). 
(c) For constant load current, rms value of load current J, is 
V, -J,,cos¢=EI,+I2.R 
120 x 10 + 10” x 0.4 
230 x 10 
font 120 x 10 - 40 
Fo tt — . oh Se 
or «= 124,1°, cos 930 x 10 
_ Example 6.6. (a) A single-phase full converter delivers power to a resistive load R. For 
ac source voltage V,, show that average output voltage V, is given by | 


For o = 53.21°, cos = = 0.5391 lag 


= 0.5043 lag. 





V2 V, 
Vo=—— (1 +.cos a) 
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Sketch the time variations of source voltage, output voltage, output current and voltage 
across one pair of SCRs,. Hence find therefrom the circuit turn-off time. 


(6) For the converter of part (a), show that rms value of output current ts given by 


al 4 
et x (™ — &) +3 sin 2a! | 


Solution. Time variations of source voltage, load voltage and load current are shown in 


Fig. 6.12. At wt =n, vp =v, = 0 and for resistive load R, | 
Vin sinwit 











x | 
i, = y= O and ip =—" =0, 


soon after wt=1, supply voltage reverse biases Tl, T2:; 
this pair is therefore turned off. When TS, T4 is triggered 
at Of =%+a, output voltage v»=v, up to wt=2n. Note o' 
that no SCR conducts during 0 to o, m to (n+) and so | 
on, Fig. 6.12. For the output voltage waveform Up; 
average output voltage V, is 










a (W+a)20™(2n4a) wr 
Meni: Soe hs 





Lit" . : 
Vox |, V_, Sin. ot - d(cft) ? — | : 
™ Acie cad te oo: wt 
No SCR conducts 
Fig. 6.12, Pertaining to 
Example 6.6. 


NAY, i td 
aS (1 + cos cx) 


The other waveforms can be drawn by referring to Fig. 6.10 (b). 
(6) Rms value of the output current can be obtained from the waveform to Shown in Fig. 


6.12, 
eile tiv : 
te=| 215% sn a 


1/2 


Vel 1/2 
5 = J. (1 — cos 2a¢) dwt) 


Vea) | 12 
= zl 3 (™ — o) +5 sin 20 ] 


Example 6.7. (a) A single-phase controlled rectifier bridge consists of one SCR and th: 
(a). 3 | @ ¢ 5 and three 
diodes as shown in Fig. 6.13 (a) Sketch output voltage waveform jor a firing angle o for the 
SCR and hence obtain an expression for the average output voltage under the assumption of 
continuous current, Show the conduction of various components as well. 

(6) Draw waveforms of current through T1, DI, D2 and D3 assuming constant load current. 
| (c) For an ac source voltage of 230 V, 50 Hz and firing angle of 45°, find the average output 
waren sae power delivered-to battery in case load consists of R=5 0,L=8 mH and 
Solution. (a) For the circuit of Fig. 6.13 (a), output voltage waveform vy is shown in Fig. 
6.13 (0). The conduction of various components is also indicated. It is seen that average value 
of Ug is given by Se ie 
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(a) () 
Fig. 6.13. (a) Circuit diagram for Example 6.7. (6) Various voltage and current waveforms. 


vo=2| f. V, Sin we - aot)-[ Vi, Sin wet ava | 
= [3 + cos a] 


21 


(6) The conduction of various elements shown helps in drawing the waveforms for currents 
through T1, D2, D2 and D3. For example, D3 conducts from mt = 0 to a, from 7 to 2n + a, from 
3n to 4n+ a and so on ; this is shown as ip; in Fig. 6.13 (4). 


(c) Vo= ew ae (3 + cos 45°) = 191.88 V 
Io = ieee =18.376A 
100 x 18.376 


Power delivered to battery =EI],= = 1.8376 kW 


1000 

Example 6.8. A single-phase full converter feeds power to RLE load with R=6Q, 
L=6mH and E=60V. The ac source voltage is 230 V, 50 Hz. For continuous conduction, 
find the average value of load current for a firing angle delay of 50°. 


In case one of the four SCRs gets open circuited due to a fault, find the new value of average ~ 
load current taking the output current as continuous. Sketch waveform for the new output 
voltage and indicate the conduction of various SCRs. 
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cos 50° 





cos & 


z2V. r[Q , 
Solution. V,= = m = ava 28) 


= 133.084 V 


Vo-# 133,084-60 
=> Dh. a 


=12.181A 


Suppose SCR T3 in Fig. 6.10 (a) is damaged and 
is open circuited. With this, ottput voltage waveform 
Uy, is as shown in Fig. 6.14. Initially, suppose T1, T2 
are conducting from a ton+a. At of =n+a, when TS, \ she 
T4 are gated, only T4 is turned on and as a result, —| TIT2Z-++TIT4 TITZ—=| 
load current freewheels through T1, T4 is zero till T1, trite 
T2 are triggered again at wf=2n+o, For this fig 6,14, Pertaining to Example 6.8. 
waveform, average output voltage is given by 








oc aE Ve, Posy D8 Vag or 
Vo== |, V,,, sin wot - d(cr) =— cos 0 
y, = 022280 50° = 66.542 V 


Tt 
_ 66.542 - 60 
os 6 


It is seen that load current is reduced radically with one SCR getting open circuited. It 
\ is also observed that thyristor T1 remains on. 


| 6.4. SINGLE-PHASE TWO-PULSE CONVERTERS WITH 
DISCONTINUOUS LOAD CURRENT 

{ So far, single-phase two-pulse converters have been studied on the assumption of 

continuous load current. In practice, the output current may become discontinuous at high 
. values of firing angle or at low values of load current. The term discontinuous is applied to 
| the condition when load current reaches zero during each half cycle before the next SCR in 
\} sequence is fired. The term continuous means that load current never ceases but continues 
to flow through SCR/diode or their combination. The load performance deteriorates 1f load 
current becomes discontinuous. It is therefore preferable to operate dc load in continuous 
current mode. This is promoted by having freewheeling action and using an external inductor 
in series with the load. In this article, working of both single-phase full converter and 
semiconverter is studied with their load current discontinuous. 

6.4.1, Single-phase Full Converter with Discontinuous Current 


Power circuit diagram for a single-phase full converter is shown in Fig. 6.10 (a). For this 
converter, when SCR pair T1 T2 is triggered at of =a, load current begins to build up from 
zero as shown. At some angle $B, known as extinction angle, load current decays to zero. Here 
fh >. As Tl and T2 are reverse biased after wt=1n, this pair is commutated at wf = when 
ij=0. From o to B, output voltage v, follows source voltage v,. From 6 to (n+ @), no SCR 
conducts, the load voltage therefore jumps from V,, sin } to E as shown. At of =1+ G, as pair 
T3 T4 is triggered, load current starts to build up again as before and load voltage v, follows 
uv, waveform as shown, At 7 +B, i, fails to zero, vy changes from V,, sin(n+f)tokasnoSCR | 
conducts, The source current 1, is also shown in Fig. 6.15 (a). 


I = 1.0903 A. 
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\"No SCR 
| conducts ie Z 
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TT 21 a0 47 apt 


(b) S<m and V,,sin 8<E 
Fig. 6.15. Voltage and current waveforms for discontinuous load 
current for a single-phase full converter. 


Under some conditions, load current may become zero at wf = 6, where 6 is less than nz. 
It is assumed here that V,, sin B < Z. At B, v, jumps from V,, sin B to E. The waveforms for 
load current i, and load voltage v, are shown in Fig. 6.15 (6). No SCR conducts from 6 to 
(x+ a) and during this interval, therefore v, = E. 

From above, the following observations can be made : 

(1) Conduction period, a gut <6, T1, T2 conduct and v, =v,. Also 

. | (m+ a) < wf <(n + 6), T3 T4 conduct and v,=v, and so on. 

(it) Idle period , 8 < wf < (m+ a), no circuit element conducts and v,= E. 

The output voltage during discontinuous current mode is less than given by Eq. (6.28). 
As stated before, load performance during discontinuous conduction is impaired. 

6.4.2, Single-phase Semiconverter with Discontinuous Current 

For this converter, power circuit diagram is given in Fig. 6.11 (a). For this controlled 
2-pulse converter, when SCR T1 is triggered at wf = a, load current builds up from zera ‘rises 
to a maximum and then decays to zero at B > 1. 

From o to m, Tl D1 conduct and v,=v,. At wt =7, as v, tends to become negative, FD is 
forward biased and starts conducting the load current. When FD conducts from z to 


B, Uo = 
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From B to x +, no circuit component conducts, therefore vg = E as shown in Fig. 6.16 (a). 
During 8 to x +a, as load current is zero, this makes the load current discontinuous. When 
T2 is triggered at x + @, ip builds as shown. At 2m, FD is forward biased and starts conducting 
till r+ 8. During the time FD conducts, v,=0. From 1+ 6 to (2x +), no circuit component 
conducts, therefore v,=E. At (2n+«), T1 is triggered again and the above process repeats. 
Source current i, is also shown in Fig. 6.16 (a). 
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At +/3) 


wt 


(b) Ben and V,sinB<E 


Fig. 6.16. Voltage and current waveforms for discontinuous 
conduction for a single-phase semiconverter. 


In case load current becomes zero before nm, i.e. for B less than nm, then the current and 
voltage waveforms are shown in Fig. 6.16 (6). Here V,,, sin B is assumed less than £. During 
B to t+, no circuit component conducts, therefore vu, = E. 

From the waveforms for single-phase semiconverter, the following observations are made: 

(a) When n<P<n+a: | 

(¢) Conduction period, a < ot <2, T1D1 conduct and v,=v,. Also 

for t+ a <mt < 2n, T2D2 conduct and v, =v, and so on. 

(ii) Freewheeling period, m< wt <, FD conducts, i,,=i) and vp = 9. Also 

for 2n < wt <1 +8, FD conducts, i,;=i) and vg =0 and so on. 


a 


= own loaded_Hrom-: 
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(iii) Idle period, ® < wt < m+, no circuit component conducts, ty = 0 and vy = & 

(b) When B<nand V,, sinBb<£E: 

(i) Conduction period, a < wf < B, 7, D, conduct and v,=v,. Also 

for t+o0 < ot <2+6, T2 D2 conduct and v,g=v, and so on 

(ii) Freewheeling period, absent and i,, = 9. 

(iii) Idle period, P< ot<n+aandn+P<at<2n+a, no circuit element conducts, 

The output voltage during discontinuous conduction is not given by Eq. (6.29). The load 
performance with discontinuous load current deteriorates as stated before. | 

For single-phase full converter for fb > m or< 1% and also for single-phase semiconverter for 
8 <1, the average load current is given by 
V 


fl 


E 
f (V,, sin at — £) d(at) = 7 (cos a — cos B) — mR (B — a) 





1 
lo==R 


Average output voltage 


Vy ! 
Vo=E+1R=— (cos o& — cos B) +B(1 =f] 
where y= conduction angle =f — a. 


For single-phase semiconverter with B >, the average output current I, is given by 


Ig =~ (cos 0 — cos B) --+ (B-0) 


and average output voltage V, is 
a0 
veo V_,, sin ox - d(at) + # (n+ 0 - | 
tq | 


-Pd tesa tet = 


6.5. THREE-PHASE CONVERTER SYSTEMS USING DIODES 

For understanding the working of three-phase controlled rectifiers, it is better to 
commence with the study of 3-phase ac to de converters using diodes. 

In Fig. 6.17 are shown the simplext three-phase rectifier circuits with half-wave 
configuration. The power circuit of Fig. 6.17 (a) consists of three diodes Al, B1, C1 connected 
to a common load. The other load terminal must be connected to neutral N of the supply for 


Al Ad 





(a) | | Ot oe lil 
Fig. 6.17. Three-phase half-wave rectifier with (a) common cathode arrangement 
and (b) common anode arrangement. 
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return of load current. As the cathodes of three diodes are connected together, circuit of Fig, 
6.17 (a) is also called common cathode circuit for a 3-phase half-wave rectifier. The three- 
phase supply voltage is shown as uv, (=v,,, voltage between A and N), v,, uv, in Fig. 6.18 (a) . 


¥ Vv ¥ V5 Ve Va 
(a) ieee i = : ol a 





Fig. 6.18. (a) Line to neutral voltages (b) and (d) diode conduction and (c) and (¢) load voltage Vp. 


The rectifier element connected to the line at the highest instantaneous voltage can only 
conduct, In Fig, 6.17 (a), a diode with the highest positive voltage will begin to conduct at 
the cross-over points of the three-phase supply. It is seen from Fig. 6.18 (a) that diode Al will 
conduct from wf = 30° to wt = 150° as this diode is the most positive as compared to the other 
two diodes during this interval. Diode B1 will conduct from wt = 150° to 270° and diode Cl 
from wt = 270° to 390°. The conduction of diodes in proper sequence is shown in Fig. 6.18 (6). 
When a diode is conducting, the common cathode terminal P rises to the highest positive 
voltage of that phase and the other two blocking diodes are reverse biased. The voltage across 
the load V, follows the positive supply voltage envelope and has the waveform as shown in 
Fig. 6.18 (c). It should be noted that voltage of the neutral point. N is taken as zero and is 
given by the reference line wt. The voltage of point P of Fig. 6.17 (a) 1s shown by v,, U,, UV. etc. 
above the reference line in Fig. 6.18 (c). It is seen that for one cycle of supply voltage, output 
voltage has three pulses, the circuit of Fig. 6.17 (a) can therefore be called a 3-phase 3-pulse 
diode rectifier or 3-phase half-wave diode rectifier. 


For the rectifier circuit of Fig. 6.17 (6), called common anode circuit for a 3-phase 
half-wave rectifier, a diode will conduct only during the most negative part of the supply 
voltage cycle. This means that a diode will conduct when the neutral is positive with respect 
to A, Bor C. Therefore, for the voltage waveform of Fig. 6.18 (a), diode C, conducts from 
of = 90° to 210° as this is the most negative as compared to other two diodes during this 
interval. Diode A2 conducts from at = 210° to 330° and diode B2 from wt = 330° to 450° and 


» 
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so on. Each diode conducts for 120° in both the circuits of Fig. 6.17. The load voltage Vo, 
derived from Fig. 6.18 (a), follows the negative supply voltage env elope and has Se wees 
as shown in Fig. 6.18 (e) for the diode configuration of Fig. 6.17 (b). Here again voltage of t ; | 
neutral point N is fixed at zero by reference line of in Fig. 6.18 (e). The voltage of point @ o 
Fig. 6.17 (b) is shown by v4, U,, U, ete. below the reference line, in Fig. 6.18 (e). 


dhe three-phase half-wave rectifier circuits of Fig. 6.17 (a) and (b) can be connected in 
series as shown in Fig. 6.19 (a). In this series connected circuit, load current can exist even 
without neutral N. For example, when diode Al is conducting, the return path for the curren 
is through diode B2 from o¥ = 30° to 90° and through diode C, ee ae 150°, see - 
'd). Supply point A connected to the anode of diode Al is the same as tat 
een ” o pte of diode A2. The neutral wire can thus be eliminated and the circuit 
of Fig. 6.19 (a) can be redrawn as shown in Fig. 6.19 (6). This circuit can further be peasants 
to that shown in Fig. 6.19 (c). The only difference between Fig. 6,19 (a) and Figs. 6.19 (b) a 
(c) is that load voltage is equal to line to neutral voltage in Fig. 6.19 (a) and it is line ee ne 
voltage in Fig. 6.19 (b) and (c). The circuit configuration shown in Fig. 6.19 (c)1s called 3-phase 





Al 
Ao ay 

B1 
Boa Peel 

C1 
Co 
Ao 

A? 
ae 

B2 
AO 

Cz 
Co , 


(a) (5) n _ te) 
ig. 6.19, Evolution -phase six-pulse rectifier, (a) Circuits of Fig. 6.17 (a) and (b) connected 

ze eta ive aa Sauda and (c) 3-phase full-wave bridge rectifier obtained from (b). 
full-wave bridge rectifier or 3-phase six-pulse bridge rectifier. Note that diodes Al, Bl, Cl of 
the bridge will conduct when supply voltage is the most positive whereas diodes AZ, Ba, 
will conduct when supply voltage is the most negative. Diodes Al, Bl, C1 may therefore | c 
called a positive diode group and A2, B2, C2 a negative diode group. The voltage across load 
will always be direct emf with the polarity of P positive and that of @ negative as shown, 


Line to neutral, or phase, voltages of Fig. 6.18 (a) are again drawn in Fig. 6.20 e).ae 
Up: Up, U- Figs. 6.18 (b) and (d) are combined and redrawn as shown in Mig. eae (0), ‘i c 
shows that for wt = 0° to 30°, diodes Cl, B2 conduct together ; for wot =30 to 90 Ee: 
B2 conduct together and so on. Each diode conducts for 120°. At the instant marked 1, ‘ 
B2 is already on and'the conduction of diode C1 stops and that of Al begins. The magnitu 
of load voltage V, at instant 1 is therefore given by 


V, = V pp Sin 30 + V,,, sin 90° = 15 Vas 


ae af 
i 

7% | 
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At the instant marked 2, the load voltage has a magnitude of 
V2 =Vnp Sin 60 + V,,, sin 60° = V3 V,,, 
At the instant marked 3 , V;=1.5 V,,,. 

Here V,,,, is the maximum value of phase (or line to neutral) voltage. 

The voltage of the load terminals P and Q of Fig. 6.19 (c) is shown in Fig. 6.20 (a), This 
figure also reveals that at the instants marked 2, 4, 6, 8, 10 etc, the load voltage has a 
magnitude of V3 Vi»p and at instants the marked 1, 3, 5, 7, 9, 11 etc., the magnitude of load 
voltage is 1.5 V,,,,. The load voltage, or the rectified output voltage, v, can therefore be plotted 
as shown in Fig, 6.20 (c). Each diode conducts for 120°, It should be remembered that in Fig. 
6.20 (€), U,5, Vacs Ube Cte., are line voltages whereas in Fig. 6.20 (a), v,, v,, v, are phase voltages. 
The dual subscript ab in v,, may be taken to denote that as per the first subscript ‘a’, diode 
connected to phase A from the positive group, i.e. Al conducts and as per the second subscript 
‘6’ diode connected to phase B from the negative group, i.e. B2 conducts. For example, for 
voltage v,,, diode Cl from positive group and diode B2 from negative group conduct. 

Voltage of terminal P 





(b) 
Vo tech rab Yoo tbe ba Vea Yep Yab Ya 
V2," | ee Dae | 
y Ca Wats ~ 13Ving 1.5 Ving (c) 
— a fh owe ho Se = | 2m 


We ae > 6 7 & wt 
=| 30) =——_—__— {cycle = 29 = 360° _—_——————_» 


Fig. 6.20. (a) 3-phase input voltage (6) Conduction sequence of positive and negative 
group of diodes (c) Output voltage waveform of 3-phase six pulse diode bridge. 

In Fig. 6.20 (c), voltage of terminal @ is shown at zero potential by straight reference line 
wt, whereas the voltage of terminal P is shown by line values Uep Uap Uae etc. In fact, if 
waveform of voltage of terminal @ in Fig. 6.20 (a) is made a straight line, Fig. 6.20 (c) is 
obtained. 

Fig. 6.20 (c) shows that there are 6 pulses for one cycle of supply voltage. Thus, this bridge 
can be called a 3-phase six-pulse diode rectifier. The object of this article has been to examine 
the evolution of a 3-phase bridge rectifier from a 3-phase half-wave rectifier. 

As in single-phase conveters, the average output voltage in a 3-phase diode rectifier can 
be obtained by considering the output voltagé wave over one periodic cycle. 

For a 3-phase diode rectifier of Fig.°6.17, the periodicity is 120° or 20/3 radians as per 
Fig. 6.18 (c). Here the output voltage comprises of phase voltages v,, v,, vu. and its average 
value V, is given by 


_ = e 
2 Brew ade rt Bary EasyEngineering.net 
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1 


~ 3 br'6 , | 
0” periodic time \. Ug d(we) x J sin (aot) 


Dar 4 n/6 ad 

In the above expression, uv, is zero at wt = 0; therefore Viap Sin wf is written for v,. Further, 
_v, appears from wt = 30° to 150° in the output voltage waveform, these are therefore the limits 
of integration 


-8V, Br x] 3V3 Vip _ 3V6 Vos ee 
Vo = za cos 6 — COS 5| = Bn = On cs of. , ) 


In Eq. (6.36), V,,, is the maximum value of phase voltage V,,,,. 
For a 3-phase six-pulse diode rectifier, the output voltage of Fig. 6.20 (c) consists of line 
voltages Ua, Vac, Ube, Ubaq Ctc., and its average value V, is given by 


| 1 j a ste 
0 Deriodic time 7a, “2 “* 


The value of v,, at wf = 0° is V,, sin 30° and periodicity is 60° or 7/3 radians. 


3 3 Vin _ 3V2 V; 


Vo=~ Jere Wms Sin (at + 80) d(at) = (6.37) 


Tt I 

In Eq. (6.37), V,,; is the maximum value of line or line to line voltage V). 

Example 6.9. For a 3-phase half-wave diode rectifier, show the time vartation of input 
voltage and the voltage across one diode for one complete cycle. Find the maximum value of 
reverse voltage across the diode and its duration for an input supply voltage of 230 V, 50 Hz 
from. a delta-star transformer. 

Solution. The three-phase input voltage waveform is shown as vU, Up, U, In Fig. 6.21. 
Voltage across a conducting diode is zero. Let us plot the voltage variation across one diode 


i = 








jeycle oo 
Yar4 La 23/3 =240°— 
! SL a al Pe 






oes ese “---1.5 Vmp wn } 
Bmp 


Fig. 6.21. Pertaining to Example 6.9. 
Ai connected to terminal A in Fig. 6.17 (a). From instant 1 to 2, voltage across diode Al is 
zero during its conduction, Fig. 6.21. For diode A1, it 1s possible to generalize as under : 
Diode Al conducting, voltage v4, across Al=v,-—v,=0 
Diode B1 conducting, v4; =U, - Up 
Diode Cl conducting, v4,=",-¥, 





iver 
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At instant 3, v4, =v,—v, =0- Vinp Sin 60° = -3 V np 


At instant 4, v4, =v, —v, =— V,,, sin 30 - Vian te ela? men 

At instant 5, v4) =U, — U5 =— Vinp Sin'60 - V,,p Sin 60 =— V3 Via, 

At instant 6, vay =v, —¥, =— Ving — Ving Sin 30° =— 1.5 V,,,, 

At instant 7, v4; =v, —v, =—V,,, sin 60 - V,,, sin 60 =— V3 V,,, and so on. 

The voltage variation across diode Al is shown as v,, in Fig. 6.21. It is seen from this 
figure that maximum reverse voltage across Al is V3. Vinp = V3 - V2 -230/V3 =V2- 230 
=325.22V and the duration of this reverse voltage is 240 degrees or = x 20 
= 13.333 msec. 


_ Example 6.10. For a 3-phase thyristor eontrolled-half-wave rectifier feeding load R as 
shown in Fig. 6.22 (a), show that average output voltages are given by 


, 3V3 . 
Vo= "on Vp cos oO for O<a<n/6 
io : 5 
and Vo = on Vp [1 +cos (a+1/6)) for Fea< 


where V,,,, is the maximum value of phase voltage and « is the firing angle delay. 


Solution. For a 3-phase SCR controlled converter of Fig. 6.22 (a), the output voltage 
waveforms are shown in Fig. 6.22 (6). If T1 were replaced by diode in Fig. 6.22 (a), it would 
start conducting from wf=n/6 as in Fig. 6.18 (b). Thus, firing angle delay in Fig. 6.22 (6) 
must be measured from wt = 7/6 and this is shown accordingly in Fig. 6.22 (6). It is revealed 
in Fig. 6.22 (61) that for a up to 30°, v, is continuous. Thus for 0 < a < 2/6, the average value 
of output voltage is given by | 


3B fet* 3V3 . 
MBE Eg | meee Ea agers 8 





(il) 30<a< 150° 


: (a) (5) 
Fig. 6.22. (a) 3-phase half-wave SCR converter and (5) its output voltage waveforms for 
(1) O< a < 30° and (ii) 30 < a < 150° 


pas For firing angle greater than 30°, the output voltage is discontinuous for a resistive laad. 
_ Fig. 6.22 (6-17) shows this output voltage for « = 45°. This figure reveals that for firing angle 
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aegeta) hea 
0. > 30°, vg is zero at x. The limits of integration should, therefore, be from § +0 }t n. Thus, 


for this waveform, the average output voltage V, is given by 


pi 


or 8 fe Ae Sie See 
Vor on bere Viap Sin wt - d (wt) = On [1 +en5(a+ § | 


In Fig. 6.22 (a), ifload R is replaced by RL, then for continuous conduction, average output 
voltage vp is again piven by 


3 if 3 -V3 5, B ep aay 
¥yo=— f  V_, sin wt - d(at) =—3—— Vip C08 & =r ¥ mi COS G. 
P 2h oes 2 : 2m 


Example. 6.11. Derive expressions for the average output voltage for a 3-phase three-pulse 
diode rectifier and a three-phase six-pulse diode rectifier using cosine function for the input 
supply voltage. 

Solution. The variation of output voltage is shown Fig. 6.23 (a) for a 3-phase 3-pulse 
converter. This is obtained from Fig. 6.18 (c). For using the cosine function for the input 





(a) 


Fig, 6.23. Pertaining to Example 6.11. 

voltage, the origin must be taken when instantaneous voltage is maximum. So here origin is 
taken at OO’ as shown in Fig. 6.23 (a). With OO’ as origin, v, = V,, cos wt and integration 
must be made from instant 1 where wf=-n/3 to instant 2 where wf =1/3. Thus, average 
output voltage V, for a 3-phase 3-pulse converter 1s 
oe Agee Le Cen Se Pays) 
Vo — On oe View cos cot - dicot) = ie 

For a 3-phase six-pulse converter, the output voltage variation, obtained from Fig. 6.20 (c), 1s 
shown in Fig. 6.23 (6). Here again origin is taken at 00’ where voltage is maximum for Uh. 


Vin 


.. (6.36) 
P 


pres 3 Vind re 
Vo= a J. arg mi C08 wt - (wt) =~ (6.37) 


REE-PHASE THYRISTOR CONVERTER CIRCUITS 
For large power dc loads, 3-phase ac to de converters are commonly used, The various 
types of three-phase phase-controlled converters are 3-phase half-wave converter, 3-phase 
semiconverter, 3-phase full converter and 3-phase dual converter. Three-phase half-wave 
converter is rarely used in industry because it introduces de component in the supply current. 
Semiconverters and full converters are quite common in industrial applications. A dual 





D ] F .EasyEng1 ing.net 
© Wiki Engineering ownlo sty “WWW.-raghul.org.= me 





Downloaded From : www.EasyEngineering.net 


210 ~—s« [Art. 6.6] | Power Electronics 


converter is used only when reversible de drives with power ratings of several MW are 
required, 


The advantages of three-phase converters over single-phase converters are as under : 


(t) In 3-phase converters, the ripple frequency of the converter output voltage is higher 
than in single-phase converter. Consequently, the filtering requirements for smoothing out 
the load current are less. 

(tt) The load current is mostly continuous in S-phase converters. The load performance, 
when 3-phase converters are used, is therefore superior as compared to when single-phase 
converters are used. 


In this section, three-phase full converters and semiconverters are discussed. 
6.6.1. Three-phase Full Converters 


If all the diodes of Fig, 6.19 (c) are replaced by 
thyristors, a three-phase full-converter bridge as 
shown in Fig. 6.24 is obtained. The three-phase input 
supply is connected to terminals A, B, C and the load 
RLE is connected across the output terminals of con- 
verter as shown. As in a single-phase full-converter, 
thyristor power circuit of Fig, 6.24 works as a three- 
phase ac to de converter for firing angle delay 
0° <a = 90° and as three-phase line-commutated in- 
verter for 90° < ~ < 180°. A three-phase full converter Fig. 6.24. Power circuit for a 3-phase 
is, therefore, preferred where regeneration of power is full-converter feeding RLE load. 
required, The numbering of SCRs in Fig, 6.24 is 12,5 
for the positive group and 4 (=1+3),6(=3+3), 2(=5+43 —-6) for the negative group. This 
numbering scheme is adopted here as it agrees with the sequence of gating of the six thyristors 
in a 3-phase full converter. 

For a =0°; Tl, T2.,......T6 behave like diodes. This is shown in Fig, 6.25 (a). The sequence 
of conduction of SCRs T1 to T6 is also indicated in this figure. Note that for @=0°, T1 is 
triggered at wt=n/6,T2 at 90°, T3 at 150° and so on. The load voltage has, therefore, the 
waveform as shown in Fig. 6.20 (c), For «= 60°, the conduction sequence of thyristors T1 to 
T6 is shown in Fig, 6.25 (6). Here Tl is triggered at wt=30°+60°=90°, T2 at 
90+60=150° and so on. If the conduction interval of various thyristors T1, T2, ..... T6 is 
shown first, then it becomes easier to draw the voltage and current waveforms, Note that 
each SCR conducts for 120°, when T1 is triggered, reverse biased thyristor T5 is turned off 
and T1 is turned on. T6 is already conducting. As T1 is connected to A and T6 to B, voltage 
“ah @ppears across load. It varies from 1.5.V,, to zero as shown. Here Vinp is the maximum 
value of phase voltage. When T2 is turned on, 16 1s commutated from the negative group. 
Tl is already conducting, As Tl and T2 are connected to A andC respectively, voltage v,. 
appears across load. Its value varies from 1,5 V »p to.zero as shown. This sequence of triggering 
is continued for other SCRs. 

Note that positive group of SCRs are fired at an interval of 120°. Simil arly, negative group 
of SCRs are fired with an interval of 120° amongst them, But SCRs from both the groups are 
fired at an interval of 60°. This means that commutation occurs every 60°, alternatively in 
upper and lower group of SCRs. Each SCR from both groups conducts for 120°, At any time, 
two SCRs, one from the positive group and the other from negative group, must conduct 
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together for the source to energise the load. For ABC ph, ea, & | 
“A it : 13 phase sequence of the t -phas 
supply, thyristors conduct in pairs ; T1 and T2, T2 and 73, T3 and T4 ni 80 - hree-phase 







M5 Ta 





‘ob. 3 Yob | Voc . Vbe _— Vea , “cb Mab Wac 
co ? < i ‘is SEO a 
. + SEIS Ss ne NIA 
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| Fig. 6.25, Voltage waveforms and conduction of thyristors for a 3-phase full converter. 

. The sequence of events in Fig. 6.25 can also be shown more conveniently if line voltages, 
instead of phase voltages, are considered. In Fig. 6.26 (a) are shown line voltages 
Uabs Vars Uber Ui, ete, For f= 0°, SCRs T1, T2,....1T6 behave as diodes and the output voltage 
ae is as shown in Fig. 6.26 (a) by ab, Uae» Up. Cte. In this figure, for a =0, T1 is turned on 

at i = 60", T2 at wt = 120°, TS at wt = 180° and so on. In Fis. 6.26 (, | le 1 
7 Ore ee , 80 On. g. 6.26 (a), therefore, firing angle is 

measured from at = 60° for T1, from wt = 120° for T2, from wt = 180° for T3 and so Re : 

oe question may arise in the minds of the readers as to why T1, for a= 0, conducts from 
= : and not from ax = 0". Here the use of subscripts ah, ac, bc, ba ete come to the rescue 
ae ee observed, the subscripts in sequence appear twice. When first subscript appears 
Li = - R in the positive group pertaining to that line conducts for 120°. Likewise, when 
eon ree comes twice, the SCR in the negative group pertaining to that line conducts 
“a oF example, first subscript ‘a’ appears twice in Uab, Uae ; therefore SCR from positive 
Broup Tl ih begin conduction when v,,, appears i.e. at wt=60°. In Uoer Upe Second subscript 
C appears twice, therefore SCR from negative group T2 will begin conduction when v,, 
on. seta oe = a in Fig. 6.26 (a). Similarly, first subscript ‘b’ appears twice in 

Ube, Uba, *% irom positive group T3 will begin conduction when v,. appears i.e. fro 
of =180° in Fig. 6.26 (a). | : Bod i as 
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For o = 60°, T1 is turned on at wt = 60+ 60 = 120°, T2 at wt = 180°, T3 at mt = 240° and so | 
on. When T1 is turned on at wt 120°, T5 is turned off. T6 is already conducting. As T1 and 
T6 are connected to A and B respectively, load voltage must be v,, as shown in Fig. 6.26 (b), | 
When T2 is turned on, T6 is commutated. As Tl and T2 are now conducting, the load voltage 
§ U,,, Fig. 6.26 (6). In this manner, load voltage waveform can be drawn with the turning on 
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lba lea Iba lea 
Fig. 6.26. Voltage and current waveforms for a 3-phase full-converter for different firing angles. 
or off of other SCRs in sequence. For a= 90°, the load voltage is symmetrical about the 
reference line wt, therefore its average value is zero, For «=150°,T1 is triggered at 
tot = 210°, T2 at 270° and so on. The output voltage waveform is shown in Fig. 6.26 (d). It is, 
seen from this figure that average voltage is reversed in polarity. This means that de source 
is delivering power to ac source ; this is called line-commutated inverter operation of the 
3-phase full converter bridge. It may be seen from above that for a = 0° to 90°, power circuit 
of Fig. 6.24 works as a 3-phase full converter delivering power from ac source to de load and 
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for 0 = 90° to 180°, it works as a line-commutated inverter delivering power from dc source 
to ac load. It can work in the inverter mode only if the load has a direct emf E due to a battery 
or a de motor. It should be noted that direction of current for both converter and inverter 
operations remains fixed but the polarity of output voltage reverses. 

source current i, in phase A is also drawn in 
Fig. 6.26 (d) for «= 150°. For the arrow direction i 
indicated in Fig. 6.24, t4 is treated as positive. 
Therefore i, is positive when T1 is conducting, ° 
i.e. when first subscript for voltages or currents is 
‘a’, Likewise i, is negative when T4 is conducting, 
Le. when the second subscript for voltages or 
currents is ‘a’. Source current waveforms for other 





two ease can also be drawn accordingly. For —4 ae e7 (+a) wt 
eae BBE Soke Suriaean Co uae Fig. 6.27. Output voltage waveform for a 


3-phase full converter. 
Kxpression for the average output voltage V, 
can be obtained by referring to Fig. 6.27 where v,,, u,,. etc. are sketched from Fig. 6.26 (a) for 
angle delay a < 30°. Note that periodicity of output voltage is x/3 radians. Average 
value of output voltage is obtained by finding the dashed area abcd over a periodic cycle, Fig. 
6.27, and then dividing it by the periodic time. With OO" as the origin at the maximum value 
of v,, Vp is given by 





a), 
= V7 cos at - d(cot) 
ot ir 
“fe 
| sin a+ -sin +$ I> ml nog 0 (6.38) 
3 6 T 


Here V,,, is the maximum value of line voltage. 


If sine function is used for the source voltage, then v,, = V,,; sin of because v,,=0 at 





3 1% 
Vo>=2| V,,sinat-d 
o=— J Ving Sin wot - d(wot) 
ato 
3V. : | )  3V, 
= —.—™ | cos pS ~cos| = +a ||=—™ cos a ...(6.38) 
1 3 | 3 | Tt 
_ It is observed from Fig. 6.26 that source current for phase A, i.e. i, (or for any other phase) 


flows for 120° for every 180°. Therefore, in case output current is assumed constant at /,, the 
ms value of source current is 





Each SCR conducts for 120° for every 360°. Therefore, the rms value of thyristor current 
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6.6.2. Three-Phase Semiconverters 


In Fig. 6.19 (e), if diodes Al, B1, Cl are replaced by thyristors T1, T2, T3 respectively, a 
S-phase semiconverter bridge of Fig, 6.28 is obtained. A freewheeling diode FD, in parallel 
with RLE load, is connected across the output terminals of the semiconverter as shown. 
Three-phase balanced supply is given to the three input terminals A, B,C of Fig. 6.28. 

The output voltage vy across the load terminals is controlled by varying the firing angles 
of SCRs Tl, T2 and T3. The diodes D1, D2 and D3 provide merely a return path for the 
current to the most negative line terminal, 

The semiconverter bridge operation for different firing angles is shown in Fig. 6.29 in the 
form of voltage and current waveforms. The 
conduction angles for the SCRs, diodes or FD are 
also shown. For a firing angle delay of a=0°, 
thyristors Tl, T2, T3 would behave as diodes and 
the output yoltage of semiconverter would be / 
symmetrical six-pulse per cycle as shown in Fig. | 
6.29 (a). The output voltage consisting of pulses 
Unb: Vaiy Vary Vag te. shown in this figure is similar to 
that shown in Fig. 6.20 (c). The output voltage 
consists of pulses u,1, Ua. User Ugg Gt. as in Fig. 6.20 | , 4 4 | 
(c), When the firing angle is delayed to m= 15° (say) = eT ae 
as shown in Fig. 6.29 (b), the triggering of SCRs T1, oe Bie eee Ree Lat “ 

T2, T3 is delayed but return diodes D1, D2, D3 | . 
remain unaffected so that only alternate pulses are altered. The load current is continuous 
ane has little ripple. The FD does not come into play for @ = 15°, Each SCR and diode conduct 
for 120°, 

In Fig. 6.29 (a), v., is the load voltage from wt = 0° to 60°, As the first subscript indicates 
conducting element in the positive group, v,, shows that T3 is already conducting through 
diode B2 of negative group. Voltages v,,, v,, indicate that, according to the first subscript, T1 
conducts for 120° and it begins to conduct at wt=60° for a =0° as shown in Fig. 6.29 (a). 
Similarly, v,. v;, indicate that T2 conducts for 120° and it begins to conduct at wt = 180° for 
a =0°, An SCR with zero degree firing angle behaves like a simple diode. Thus, as per the 
definition of firing angle, it should be measured from m¢=60° for T1, from @t = 180° for T2, 
from @t= 300° for T3 and so on. 

For 0 = 60°, Fig. 6.29 (¢), the thyristors are fired so that current returns through one 
diode during each 120° conduction period. For voltage v,,, T1 and D3 conduct simultaneously 
for 120° as shown. Similarly, other elements conduct. FD does not come into play even for 
o=60°. Further note that voltage pulses u,, v,,. v,, do not appear in the output voltage 
waveform for «= 60°. It will be seen that for o > 60°, voltage pulses v,,,, v;,, U,, are eliminated. 
The load current, assumed continuous for «= 60°, is not shown in Fig. 6.29 (e). 





For firing angle delay of 90°, voltage, and current waveforms are shown in Fig. 6.29 (d), 
The output voltage vg is discontinuous. As vy made up of v,, U,. Usgr Veg». tends to become 
negative at @t= 120°, 240°, 360°, FD gets forward biased, Therefore, for each periodic cycle 
of 120°, output voltage is equal to line voltage for only 90° and for the remaining 30°, when 
FD conducts, vp =0. For a=90°, conduction angle of SCRs and diodes is seen to be less than 
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Fig. 6.29. Voltage and current waveforms for a 3-phase semiconverter for different firing angles. 
120° for every output pulse. In other words, conduction angle for both positive and negative 
group elements is 90° and for the remaining 30°, current completes its path through FD as 
shown in Fig. 6.29 (d) for « =90°. Voltage pulses u,, U,, Uzq are absent from output voltage 
v, for this firing angle as well. Without FD, after load voltage vy) reaches zero, a diode from 
negative group would begin to conduct reducing vp to zero till next SCR in sequence is 
triggered. For example, at @t= 120°, vp =v,,=0 and without FD, Ds from negative proup 
would start conducting through T3 from mt = 120° to 150° when SCR T1 is gaged. This means 
that without FD, T3 would conduct for 120° from wrt = 30° to 150°, D2 for 90° from wt = 30° to 
120° and D3 for 30° from wt=120° to 150° for this periodie-tycle of 120° extending from 
wt = 30° to 150°. | 
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For firing angle delay of 120°, the voltage and current waveforms are shown in Fig. 6.29 
(e). The load current is now assumed discontinuous. For each periodic cycle of 120°, vy is seen 
to have three components. When an SCR is gated, thyristor and diode conduct for 60° only. 
As ug reaches zero and tends to become negative, FD gets forward biased and therefore starts 
conducting for some angle and holds the load voltage to zero. When all the energy stored in 
inductance is discharged, FD stops conducting and as a result, load voltage rises to load 
counter emf F. When vu, =£, none of the elements of semiconverter bridge is conducting, this 
is indicated by 0, 0 in Fig. 6.29 (e). 


It may be seen from above that in a 3-phase semiconverter, SCRs are gated at an interval 
of 120° in a proper sequence. In a single phase semiconverter, SCRs are fired at an interval 
of 180°. In order to obtain full control of the de output voltage u,, the range of firing angle is 
from 0° to 180°. A three-phase semiconverter has the unique feature of working as a six-pulse 
converter for a < 60° and as a three-pulse converter for a 2 60°, a careful observation of Fig. 
6.29 reveals this. 


For a 3-phase semiconverter, each periodic cycle of output voltage has a periodicity of 
120°. Average output voltage should, therefore, be calculated over 120° only. 

For « < 60°. For firing angle less than 60°, the output voltage is redrawn in Fig. 6.30 (a) 
from Fig. 6.29 (6) for some firing angle less than 30° for convenience. In this figure, area 
abcefda divided by 21/3 would give the average value of output voltage V,. For area abcde, 
take OO’ as the origin and for area dcefd, take AA’ as the origin. Then 


Vo = 2 [Area abeda + Area dcefd] 








3) [x6 | | gre 
~ on -|E-a | Vin COS Cot - (ot) + Ms, Vint C08 OF - Coot) 
we. 
or V,= oe (1+ cos a) (6.39) 


Voltage v,,=0 at wm =0 andu,,=0 at at= 7 in Fig. 6.30 (a). Therefore, Vy can also be 
obtained as 


i 





3 nd | = + 
Va= on f. Ving Sin ow d(wt) + | Vi, Sin cor (ct) 
37 a n/'3 
=} = (1+ cos a) (6.39) 


With OO’ as the origin, angle § —o js measured to the left of OO’, therefore minus sign 


is put before a a | Similarly, minus sign is put before 4 

For « 2 60°, For a 2 60°, the output voltage waveform is drawn in Fig. 6.30 (6) for a firing 
angle 60° < « < 90° for convenience, With OO’ as the origin in this figure, the average output 
voltage V, is given by 


V,= - [Area abedal. 
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BV nt 


2m 





(1+ cos «) (6.39) 


l tee | | 3 
JT Vat COS WE - a(t) = 


‘Voltage v,.=0 at wt =3 anda is measured from wt =2n/3 as shown in Fig. 6.30 (5). 


| Therefore, V, can also be obtained as 























3 f . a cS 
Vo = On i Vey Sin ov - ad(at) 
3 Val 
= ——— (1+ cos &) (6.39) 
On ( ) 
O A 
, 69 | Vac : 
Q a | 
Veb Lapa Vab ae Vine 
+ as a! . a & 7 Se ¢ _,* 
Sy BOP OSC 
vo Me | “047 *s. At wy, 
Oj.) i is . wit 
| ernie 
[Oe sek eae Ll 
= 21/3 ——_>} 
(a) (5) 


Fig. 6.30. Output voltage waveforms for a 3-phase semiconverter for (2) a < 60° and (6) a > 60°. 

It is seen from above that expression for output voltage is the same for both six-pulse 
and three-pulse operating modes of a 3-phase semiconverter. 

Example 6.12. (a) A 3-phase full converter charges a battery from a three-phase supply 
of 230 V, 50 Hz. The battery emf is 200 V and its internal resistance is 0.5 ©. On account of 
inductance connected in series with the battery, charging current is constant at 20 A. Compute 
the firing angle delay and the supply power factor. 

(b) In case it is desired that power flows from dc source to ac load in part (a), find the 
firing angle delay for the same current. 

Solution. (a) The battery terminal voltage Vo is 

V,= 200+ 20x0.5=210V 


But Vo=—™ cos a= 210 V 
-. 210xn - 
= ¢ : = 47.453". 
awe ee ea0 
For constant load current of J, = 20 A, Fig. 6.26 (d) reveals that supply current I, is of 
rectangular (or square) wave of amplitude 20 A. It is also seen from this figure that 2, flows 
for 120° (or 2n//3 radians) over every half cycle of 180° or m radians. 


:, Rms value of the supply current J, over m radians is 


1/2 : 
-| Leo? 2%] =20~/2 =16.33A 
1,=| 520 | =20°\= =16. 
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Rms value of output current, J,.=20 A 


Power delivered to load = EI, + Ij, -r = 200 x 20 + (20)? x 0,5 = 4200 W 
Now V3 VJ, cos > = 4200 W 
4200 





Input supply pf= = 0.646 lag. 


3 x 230 x 16.33 
(6) When battery is delivering power, then 
V,= 200-120 0.5=190V 
When power flows from de source to ac load, the 3-phase full converter then works as a 
3-phase line commutated inverter. 
3 Ven 





cosa =-190V 
| -190xn7 


Or = ra 
mS | 3V2 x 230 
Pia 6.13. For a 3-phase full converter, sketch the time variations of input voltage 
peratel ia across one thyristor for one complete cycle for a firing angle delay of (a) 
For both the angles, find the magnitude of reverse voltage across this SCR and its 
commutation time for a three-phase supply voltage of 230 V , 50 Hz. 
= Solution. (a) The three-phase input voltage waveform is shown a8 U,, Ug, Use; jg ete. in 
Fig. 6.31 (a). A conducting SCR has zero voltage across it. Let the variation of voltage across 
SCR T, belonging to positive group of Fig. 6.24 be plotted in Fig. 6.31 (a). . 
Vo. Va 


= 127.72”, 





D. 
Fig. 6.91 A osatas to Example 6.13. 

For voltages v,, v,,, SCR T1 conducts, therefore voltage across this SCR is 
U4 =U, — U, = 0 for a period of 120°, i.e. from wt = 0 to wt = 120° as shown. After ut = 120°, SCR 
T3 conducts for 120° with Vie, Upg aS the output voltages. Now cathode of T1 is connected to 
“supply terminal B through T3 for a period of 120° and its anode to supply terminal A. 
Therefore, voltage across T1 from wt = 120° to 240° is U4 =v, — U;. This voltage reverse biases 
T1 and it is shown as v,, below the reference line in Fig. 6.31 (a). 
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After wt = 240°, for voltages v,,, v,,; SCR T5 conducts for 120° and therefore cathode of 
Tl is connected to terminal C through T5, Thus, voltage across Tl is v,=v, —v,=v,, below 
the reference line for a period of 120° from at = 240°. At wt = 2n, T1 is again gated and voltage 
vu, =0 as shown. 


For firing angle delay of zero degree, each SCR is reverse biased for 240° = = rad. 


a ei EH 4 
-, Commutation time available for SCR turn-off = circuit turn-off time, ¢, = 3a) 8 


4n x 1000 

~ $x 2nx 50 

(b) For «= 30°, the output voltage waveform and voltage v, across SCR T1 are shown in 

Fig. 6.31 (b). At wt = 150°, when SCR T1 stops conducting, voltage across T1 must follow 

v,, curve for 120° as discussed in part (a) above. Therefore, v, jumps from zero to 

V,,, sin 30 = 0.5 V,,, as shown. As T3 remains on for 120°, v, follows v,, curve below the 

reference line for 120°. At wf = 270°, when T5 is gated, v, follows v,,. for 120° till Tl is gated 
again, Fig. 6.31 (5). This figure reveals that each SCR is reverse biased for (240° — q), 

-, Commutation time available for SCR turn-off = Circuit turn-off time, 
4/3 — o 


= 13.33 msec. 


t. sec 


4n 
_| 3.6 
| an x 50 

In case «>60°, it would be observed that wf,=n-—a. For both the parts, te. for 
o=0° and a= 30°, the peak reverse voltage across the SCR is V2 - 230 = 325.22 V. 

Example 6.14. (a) A 3-phase full-converter feeds power to a resistive load of 109. For a 
firing angle delay of 30°, the load takes 5 kW. Find the magnitude of per phase input supply 
voltage. 

(b) Repeat part (a) in case a large reactor in series with load renders the load current 
ripple free. 

| Sokuiion. (a) For a resistive load, output current waveform is of the same shape as that 
of the output voltage wave. It is seen from Fig. 6.26 that for o > 60°, the output voltage and 
output current would be discontinuous for resistive load. However, for « = 60°, output voltage 
and current are continuous. From Fig. 6.27, the rms value of output voltage V,, is given by 
21 
F " «) 1/2 
V,.= i | V2, sin” wot - oo) 





1x 1000 =11.67 msec. 





. d 
v2 =| ope | (1 —cos 2m) dco 


it 
— +- & 


4 
1/2 
or Ver Vas Vide | $+ cos 2 
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| V; 
For this example, — = 5000 watts and Vial = V2 V, 


eb 


Peak 
VE 3 [Es cos 60)/=5000 x 10 
or  V,=188.08 V 


.. Per phase voltage, Von = = = 108.591 V 


(6) For a constant load current, average load current /, =rms load current, I, 


3 Vial 1 | 
Fe cos & R= 2000 W 


3 TS x3 con g0° 7 191-22V 
ws Von = 110.40 V. 
Example 6.15. (a) A 3-phase semiconverter feeds poet rat cates eda eee dA TEA 
— | : verter feéas power to a resistive load of 10 Q. For a 
firing angle delay of 30°, the load takes 5 kW. Find 1 ries cry o 
vale: 3 nd the magnitude of per phase input supply 
(6) Repeat part (a) in case load current is made ripple fre 07 melt, in 
series with the load. pple free by connecting an inductor in 
Solution. It is seen from Fig. 6.29 that for « < 30°. the out age is continuc 7 
i ae esha | . , the output voltage is continuous. For 
a resistive load, output current is also continuous, From Fig. 6.30 (a), rms value of output 
voltage is given by : vi 


: 1/2 
Ve" li vagext ata JO) vt =a 

















Tt 
Fils 
ao sin 2¢ |-*/6 sin 2e¢ 
Del |. | + |ow + aot 
_|%_ 
s-* $ 
Qn V3. 1 
or — + —— (1 4 2 
|g +75 +608 20] 
3l2n V3_ oe | 
For ae. S|. or (1 + cos 60) |= 5000 x 10 
or V, = 175.67 V and V,,, = 101.43 V 
(a) For constant load current, J, = average load current, Io 
3 Vinl ¥, i : 
On (1+ cos 30°) 19 = 2000 W 
or V, = 50000 x 12 *— 177. 44V nd. V,, = 102.45 
; gemsep’ en A ee Loe 


Example 6.16. Repeat Example 6.15 in case firing angle delay ts 90°. 

Solution. (a) Fig. 6.29 shows that for « = 90°, the output voltage is discontinuous. For a 
Se load, output current is also discontinuous. From Fig. 6.30 (6), rms value of output 
voltage is x 
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: m/ 9 ql/2 
, 4 
Vor =| on | v2, cos ot d(we) 
it 


(4 
FE, 
Vinl x3 | ne 
or Vor = =a S| cna) + sin 20 
aNs 


* — 5 - sin 180° x 2 5000 W 





For a = 90", 10 


eee 
aie, 


or V. = ¥50000 ~ 5 = 298.14 V 
and Viy=172.14V 
(b) For constant load current, 


2 
3 Vial ; 1 _ 500 

ml +4 melt —=5000 W 
= eee 10 


or V, =V50000 x oe = 331.153 V and V,, = 191.2 V 


Example 6.17. Repeat part (a) of Example 6.12 in case 3-phase full converter is replaced 
by a 3-phase semiconverter. 
Solution. The battery terminal voltage is 
V,) = 200+ 20 x 0.5=210V 
5 55 Mow ae 917° 
But Vie oe (1+cos a@)=210V 








| “ | a 15. Jo. 230 1-69.97 
An examination of Fig. 6.29 reveals that for firing angle a > 60°, each SCR conducts for 
180 — co. So, in this example, each SCR conducts for (180 — 69.37) = 110.63°. For constant load 
| current of J,=20A, supply current i, is of square wave of amplitude 20 A. As zt, flows for 
| 110.63° over every half cycle of 180°, the rms value of supply current J, is given by 


1/2 , 
[1 oq? 110.63xm]_ 110.63 _ 1» ao 
| =| y= =20°\/-75)- = 15.68 A 


Power delivered to load = V)J) = 210 x 20 = 4200 W 





4200 
va x 230 x 15.68 


6.7. EFFECT OF SOURCE IMPEDANCE ON THE PERFORMANCE OF CONVERTERS 

For single-phase and three-phase full converters, derivation of the output voltages, as 

given by Eqs. (6.28) and (6.38), has been obtained on the assumption that current transfers 
| from the outgoing SCRs to the incoming SCRs instantaneously. This means that when 
| incoming SCRs T1 and T2 are fired in a single-phase full converter, Fig. 6.10 (a), outgoing 
SCRs T3 and T4 get turned off due to the application of reverse voltage and the current shifts 
to SCRs T1 and T2 instantaneously. This is possible only if the voltage source has no internal 
impedance. Actually, the source does possess internal impedance. If the source impedance is 
resistive, then there will be a voltage drop across the resistance and the average voltage 
output of a converter gets reduced by an amount equal to J).r, for a single-phase converter 





Input supply pf= = 0.6724 lag. 
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and by 2l).r, for a 3-phase converter. Here J, is the constant de load current and r, is the 
source resistance per phase. Since source resistance is usually low, it is assumed that duration 
of the commutation is very small and the current transfer takes place immediately after the 
incoming SCRs are fired. However, a voltage drop caused by source resistance must be taken 
into consideration as discussed above. 

In the following lines, the source impedance is taken as purely inductive. The load 
inductance is assumed large so that output current is virtually constant. The source 
inductance causes the outgoing and incoming SCRs to conduct together. During the 
commutation period (when both incoming and outgoing SCRs are conducting together), the 
output voltage is equal to the average value of the conducting-phase voltages. For a 
single-phase converter, the load voltage will be zero and for a 3-phase converter, the load 
voltage is (uv, +v,)/2 ( average value of the conducting phases a and b). The commutation 
period in seconds, when outgoing and incoming SCRs are conducting, is also known as the 
overlap period. The angular-period, during which both the incoming and outgoing SCRs are 
conducting, is known as commutation angle or overlap angle in degrees or radians. The effect 
of source inductance is investigated in this section for both single-phase and three-phase full 
converters. 

6.7.1. Single-phase Full Converter 

The commutation overlap is more predominant in full converters than in semiconverters. 

In the single-phase full converter shown in Fig. 6.32 (a), L, is the source inductance. The 
load current is assumed constant (analysis with pulsating load current is more involved). Fig. 
6.32 (6) gives the equivalent circuit for Fig. 6.32 (a) for analytical purposes. When terminal 
1 of source voltage v, is positive in Fig. 6.32 (a), current i, flows through L,, T1, load and T2: 
this is shown as v,,L,,T1T2 and load in Fig. 6.32 (6). Similarly, when terminal 2 of uv, 1s 
positive, load current i, flows through T3, load, T4 ; this is shown as Uo, Ls, T3 T4 and load 
in Fig. 6.32 (6). 





"7 a i 27 . ® 


/ 


} : 
(73,74) 079,72.73.74) 


page TiT2m ye T3ITA = 





. (8) (c) 
Fig. 6.32. (a) Single-phase full converter with source inductance L, (b) its equivalent circuit and 
(c) typical current and voltage waveforms with L,. 
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When T1, T2 are triggered at a firing angle a, the commutation of already conducting 
thyristors T3, T4 begins. Because of the presence of source inductance L,, the current through 
outgoing devices T3, T4 decreases gradually to zero from its initial value of J, ; whereas in 
incoming thyristors T1, T2 ; the current builds up gradually from zero to full value of load 
current J,. During the commutation of T1, T2 and T3, T4 ; i.e. during the overlap angle u,KVL 
for the loop abcda of Fig. 6.32 (6) gives, 


diy dig 
5 ica hens Salt 
di, dis 
or V,—vg=L, ‘at. dé | | 
It is seen from Fig. 6.32 (c) that if v, = V,, sin wt, then v, =— V,, sin wf. } 
‘diy _ dig 
.. (6.40) 
eel qe ee V,, sin wt ( 
As the load current is assumed constant throughout 1, + ty =J, 
dt, oe , 
. — ... (6.41) 
“g who die” 
dl, dig 2V 5 
y > 40). — _— (6.42 
From Eq. (6.40), Ty Erh rs sin wt ) 
Addition of Eqs. (6.41) and (6.42) gives 
di, Ke } 
i ..(6.43) 
dt ~ L, sin crt ( 


Load current i, through thyristor pair T1, T2 builds up from zero to J, during the overlap 
angle Ul; 1.e. at Of = ct, 

i, =O and at of =(@+ 1), =Lp 
i: Vi, patna 


.. From Eq. (6.43), 0 di, = Ee Sn sin wt - dt 
Wee | , 
or Ip = mie [cos am — cos (a + L)] (6.44) 


It is seen from Fig. 6.32 (c) (middle figure) that output voltage vy is zero from « to 
(o +). Thus the average output voltage V, is given by 


V_ plat) V., 
Vo= ry bees sin cot - d(at) = [eos (a+ u)—cos (a+ 7)] 
Vin 
Sel [cos &@ + cos (@ + L1)) (6.45) 


| ob, | 
From Eq. (6.44), cos (a+) =cosa—-—— I, 





Vn — 
» Substituting this value of cos (a + 1) in Eq. (6.45) gives 
2V cal, | 


h ° a 
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Also, from Eq. (6.44), cos a = v I, + cos («+ 41). Substituting this value of cos a in Eq. 
(6.45) gives 





V,, col 
= = cos (cf + LL) + = =I, (6.47) 


With the help of Eq. (6.46), a de equivalent circuit for a 2-pulse single-phase full converter 
can be drawn as shown in Fig. 6.33 (a). In this figure, diode D merely indicates that load 
current is unidirectional. This equivalent circuit reveals that the effect of source inductance 
L, is to present an equivalent resistance of magnitude wL,/m ohms in series with internal 
voltage of the rectifier (2V,,/x) cos a. The voltage drop due to L, is proportional to J, and L. 
roe as oe a current (or source inductance) increases, the commutation interval (or 
overlap angle) increases and ; sequel : e itp 3 : 
iiatested ie barnes ace a8 a consequence, the average output voltage decreases as 


2 
Vo= = 





Vo 


a im 
: > CES mx, [,=0 u=0 






Wle 


Yo =( su =f; ) 
\ [<= —— cos o 
’ co 
5 


(a) (0) 
Fig. 6.33. (@) DC equivalent circuit of single-phase full converter. 

In single-phase full converter, as long as jt < 1, the output voltage is given by Eq. (6.46). 
When u= 7, the load will be permanently short circuited by SCRs and the output voltage will 
be zero because during the overlap angle, all SCRs will be conducting. 

6.7.2. Three-phase Full Converter Bridge 

. Fig. 6.34 shows a three-phase full-converter bridge with a source inductance L, in each 
line. The load current is assumed constant as the analysis with pulsating current is quite 
complicated. 





slope =- 





0 


In Fig. 6.35 (b) is shown the conduction of 
various SCRs with firing angle a = 0 and over- 
lap angle 11 = 0. In this figure ; T5, T6 conduct 
upto wt=30°. From a=30° to sc 
90° (z.e. for 60°), T1, T6 conduct. From wt = 90° _ 
to 150°; T1, T2 conduct and so on. Itisseen that °° 
only two SCRs conduct at a time, one from the C- 
positive group and the other from the negative 
froup. 

‘ Fig. 6.35 (c) shows the effect of overlap. I 5 
from @t=0° to 30°: T5, T6 conduct. At have ati hoe aed = 
of=30°, T5 is outgoing SCR and T1 is eT On eukio 
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incoming SCR and both T5, T6 belong to the positive group. As T1 is triggered, current 
through T5 starts decaying while through T1 current begins to build up. At wf = 30° + 1, J, is 
zero while J, =J,. Therefore, from wt = 30° to 30°+ 1, three SCRs T5, T6, T1 conduct. After 
wt = 30° + uy; T6, T1 conduct. At wt = 90°, as T2 is triggered, J, begins to decrease and J, starts 
to build up. Therefore, from wmf=90° to 90°+u, three SCRs T6, T1, T2 conduct. At 
wt = 90° + p, I, = 0 and J, =]. After wt = 90° + 1, only two SCRs T1, T2 conduct. This sequence 
of operation repeats with other SCRs of the full converter. It may be observed from this that 
when positive group of SCRs are undergoing commutation, two SCRs from the positive group 
and one SCR from the negative group conduct. After the commutation of positive group is 
completed ; only two SCRs conduct, one from the positive group and the other from the 
negative group. Similarly, when negative group of SCRs are undergoing commutation, three 
SCRs conduct, two from the negative group and one from the positive group and these are 
followed by two SCRs, one from negative group and one from positive group and so on. 
Conduction of various thyristors as shown in Fig. 6.35 (c) is as follows : 


5-6, 5-6-1, 6-1, 6-1-2, 1-2, 1-2-3, 2-3, 2-3-4, 8-4, 3-4-5, 4-5, 4-5-6, 5-6 and so on. 


Ve TI 


"o4 Nery 


dP 
ee 








+¥e Qgrouo 
—ve group 


Fig. 6.35. Current and voltage waveforms for a 
3-phase full converter showing commutation during overlap. 
It is seen that three and two SCRs conduct alternately. It is also observed from Fig. 6.35 
(c) that for 6-pulse converter, there are six shaded areas indicating six commutations per 
cycle of source voltage. 
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| During commutation of TS and T1 (transfer of current from T5 to T1), the output voltage 
is obtained by taking average of corresponding phase voltages v, and uv, of the positive group. 


This means that voltage from wf = 30° to 30° + follows the curve “oa from the positive 


group ; this is indicated by jk in Fig. 6.35 (a). During commutation of T6 and T2, the voltage 
+ U, 
e 
commutation of T1, T3 ; the voltage is — 5 ° as shown by curve op and so on. In Fig. 6.35, 
firing angle delay has been taken as zero just to highlight the effect of source inductance. 
The above treatment is, however, applicable for any firing angle delay provided overlap angle 
is less than 60°. In Fig. 6.35 (a) ; v,, v;, v, are the phase voltages and the output voltage is 
in between the hatched portion as shown. 

The effect of source inductance L, is to reduce the average de output voltage. This 
reduction is proportional to the triangular (almost) area jk 1 shown in Fig. 6.35 (a). The 
average value of this fall in output voltage due to overlap is equal to the triangular area 
J ®t divided by the periodicity of this triangular area which is equal to 2/3. Thus, average 
value of fall in output voltage due to overlap 





, ie! ‘yo =a 
waveform from the negative group is — as indicated by mn. Similarly, during 








ge ee gi te 
=2, v, dot) =* J, L — d(cat) 








“5 dt 
3L, ff"? di 3@L,f . 3@L, 
=A), Or Ggat=— "|, di= 


Alternatively, average value of fall in output voltage due to overlap 





{8 f sea, Lp Oe pans. cane, 
=], L,-7, dt= 7 }: Bieta ty 


Output voltage with no overlap = internal voltage of the 3-phase full converter 


3 Va 
= COs of 
T 











: | 3 V 3a L 
Output voltage with overlap, V, = — cos @— 3 abs I q...(6.48) 
T™ 


In general, for m-pulse converter, fall in output voltage due to overlap 





an 40 |at|™ 
obey MOET 
OT 0 21 


m (". (di . 
=a I. L. f d(ct) = 








For 2-pulse converter, voltage drop due to overlap = a fy 
? 4 | 3 3a L, 
or 6-pulse converter, voltage drop due to overlap == - J}. 
Tt 
Output voltage for a 3-phase full converter, similar to that given for a 1-phase full 
converter in Eq. (6.47), is given by 
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Vial 7 ! 3 ob, | 
_  c08 (+ UL) + = I, (6.49) 


Example 6.18. In a three-phase full converter thyristor bridge shown in Fig. 6.34, load 
consists of a resistor R. For this converter, do the following : 

(a) Sketch waveforms for 3-phase input voltages Uap Vgc, Vics Vig ete. 

(O) From (a), sketch waveforms of the output voltage v, for a firing angle of zero degree 
and overlap angle of ) = 30°. Indicate the conduction of various SCRs. 

(c) Repeat part (6) if firing angle a =30° and p= 30°. 

(d) From (c), sketch the waveform of input current i, for & = 30° and 1 =30°. In case input 
voltage is 400 V and R = 200 Q, indicate the peak magnitude of current i,. 

Solution. (a) The line voltage waveforms v,,, U,,; U;, etc. for a 3-phase full converter are 
sketched in Fig. 6.36 (a). 
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Fig. 6.36. Pertaining to Example 6.18. 
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(b) The effect of overlap angle of 30° with zero degree firing angle is shown in Fig. 6.35 
(a) with phase voltages. In Fig. 6.36 (a), the output voltage waveform v, is sketched with line 
voltages, for an overlap angle of 30° and with firing angle a = 0°. The conduction of SCRs T1 
to T6 is also indicated. When T5 is outgoing SCR and T1 the incoming SCR, the average 
bt Uap 


U. 





output voltage is 
c and a indicate the conduction of SCRs T5, T1 together from the positive group and second 
subscript 6 indicates the conduction of SCR T6 from negative group. When TI, T6 conduct, 
the output voltage is v,, as shown. For T6 as the outgoing SCR and T2 the incoming SCR, 


: this is shown accordingly in Fig. 6.36 (a). In v,,, Uy, ; first subscripts 


Diop tv ’ ! Plas Ropers 
the average output voltage is ue 5 a¢ The second subscripts in v,,,, v,, indicate the conduction 





of SCRs 6 and 2 together from negative group and first subscript a indicates the conduction 
of SCR TI from the positive group. The shape of output voltage waveform and the conduction 
of SCRs for the remaining part of a cycle can be explained similarly. 

(c) For firing angle of 30°, and overlap angle of 30°, the output voltage waveform Ug 1s 
drawn in Fig. 6.36 (6). For obtaining vp it is preferrable to indicate first the conduction of 
various SCRs and then draw the output voltage waveform vp. In Fig. 6.36 (5), the conduction 
of different thyristors is shifted to the right by «= 30° with respect to their positivn in Fig. 
6.35 (a) where « = 0°, Now the waveform for vp, as shown in Fig. 6.36 (5), can be drawn easily. 

(d) The waveform for phase a input current, i.e. i,, is shown in Fig. 6.36 (c). As the load 
is resistive, the waveform of i, is identical to the waveform of voltage up of Fig. 6.36 (6). 
Current i, is positive when T1 is conducting and negative when T4 is conducting. Note that 
i, without overlap would have four ripples but with overlap, it is seen to have five ripples in 
both positive and negative half cycles in Fig. 6.36 (c). 

Example 6.19. A 3-phase full converter bridge is connected to supply voltage of 220 V per 
phase and a frequency of 50 Hz. The source inductance is 4 mH. The load current on de side 
is constant at 20 A. If the load consists of a de voltage source of 400 V having an internal 
resistance of 1 ©, then calculate : 

(a) firing angle delay and 

(b) overlap angle in degrees. 

Solution. (a) Converter output voltage 

=E+J,R=400+20x1=420V. 





| ,_3V6-230  3(2nx50)4, , 
From Eq. (6.48), 420 = C08 OT na er x 20 
or a= 34,382° 
.. Firing angle delay is 34,382° | 
, W6 x 230 | 3 (2m x 50) 4 
(6) From Eg. (6.48), 420 = ieee cos (a + 1) + ST x 20 
! or o%+U=cos 396 XT __ 49 602" 


| * u= 42.602 — 34,382 = 8.22° 
.. Overlap angle in degrees = 8.22", 
6.8. DUAL CONVERTERS 


i" © Wiki Engineering 


Downloaded From : www.EasyEngineering.net 
= WV VV TC AaQh (GC) —— 








Downloaded From : www.EasyEngineering.net 


: [Art. 6.8] 229 





Phase Controlled Rectifiers 








Semi-converters are single quadrant converters. This means that over the entire firing 
angle range, load voltage and current have only one polarity as shown in Fig, 6.9 (a). In this 
figure, V,) andJ, represent, respectively, the average positive voltage and current of the 
semi-converter indicating rectification mode and power flow from ac source to the dc load. In 
full converters, direction of current cannot reverse because of the unidirectional properties 
of SCRs but polarity of output voltage can be reversed as shown in Fig. 6.9 (6). Thus, a full 
converter operates as a rectifier in first quadrant (both V>, Jp positive) from o = 0° to 90° and 
as an inverter (Vp positive but J, negative) from a = 90° to 180° in the fourth quadrant. This 
shows that a full converter can operate as a two-quadrant converter, Fig. 6.9 (6). In the first 
quadrant, power flows from ac source to the dc load and in fourth quadrant, power flows from 
de circuit to the ac source. 





AO 
Bo 
Lo 


Vr Yrs VWrer 








| tet 
1 2 
ee (c) 
Fig. 6.37. (@) Four-quadrant diagram. Non-circulating type (>) single-phase dual 
converter and (c) three-phase dual converter. 

so In case four quadrant operation is required without any mechanical changeover switch, 

two full converters can be connected back to back to the load circuit. Such an arrangement - 
usin two full converters in antiparallel and connected to the same dc load is called a dual 
converter. © 
e There are two functional modes of a dual converter, one is non-circulating-current mode 
and the other is circulating-current mode. Non-circulating types of dual converters using 


Downloaded From : www.EasyEngineering.net 

















Downloaded From : www.EasyEngineering.net 


Power Electronics 
230 (Art. | ~ | | 





' sky and espectively. 
abi vin Fig, 6.37 (b) and (c) respechts 

| iree-phase configurations are shown ae ‘s working alone 
Tr Roerter marked 1 tothe left of load Grew ae marked 2 working 
vs #4 ond fourth quadrants can be obtainec. action of load current, with 
gperaionan ee oe ate polarity of load voltage as walls dicpctien.oes operate in both 
SRR IP TEEN Ae 1. can be reversed. Hence, full converter marke® * rters can give four 

SERS 2 i re a | Thus, a dual converter using two full conver , 

econd and third te eS a ee Be 
 adeand operation as shown in Fig. 6.37 (a). 

8.1. Ideal Dual Converter +: Stee een vere is no ripple 
that the dual converter consists of two ideal SA ae oe Set valent aS eat 
eee ltages. Such a dual converter can be represen ; Itages of converters 

oath nt 38 a). V; and Vo2 are the magnitudes of average ae ena : g a emiaciten 
shown in Fig. 0. pa a 4 19 chown here in series with tne Uc ve. 
__.-netively. Diodes D1 and D2 shown he | ont in load circuit can, 
ve aa aie the unidirectional flow of current. The current 1 
¥o1" 02 : 4 
however, flow in either direction. 1 such a manner that their average 
rica 7 the converters are controlled in such a Ft Peay an only if 
ae Ges a PEE and have the same polis can happen only 
| roltames are equ ras an inverter. 
wn  soceirtat is operating as a rectifier and the other ag ea erters are of the form. 
| | | -h single-phase and 3-phase convet\\®s®— ae 
Tho average output voltages for both sing 6.50) 
The average outp Vas = Vinag 008 0 vss me 
: Vos = Vinax £08 Oe » 
where, for a single-phase full converter, Vmax = eee 
and for a three-phase full converter, Vinax = (SV mi” ®) 


Converter 2 
Converter | 02 Ce 






A — 









= we = 





Firing angle control | 


= Rectification 


--=-+-<= Inversion 
) oe f terminal 
(a , : rarter (5) Variation 0 Tmt 
- an CEN lta ircuit of an ideal dual converter 7 
Raptr es Seer “2 ideal dual converter with firing angle ms pe 
Under normal operation, Vo; has upper positive and lower Bors ieee? ed chat the 
do ql j ) Figs. 6.37 (b) an F 5 " 
| ‘ve and lower positive polarities 1n see ht i 1eir output voltages 
PEE nett Deave output voltages equal in is Sate erate 
om sa ban Se same polarity only if polar! ‘ity of Vog is reversed. In othe 
would nave Ue se i 
output voltage V, can be expressed as (6.52) 
Vp = V1 =—Vo2 
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Substitution of Vj, and Vp, from Eqs, (6.50) and (6.51) in Eq. (6.52) gives, 
V mar COS O, =— V,,,,, COB Oy 


or cos &, =—cos a, =cos (180—a,) 

or Oh + Oty = 180° (6.53) 
Also cos @, =— cos a, = cos (180+ c,) 

or ot, = 180° + a, (6.53 a) 


As per Eq. (6.53 a), for some value of firing angle o., &, is always greater than 180°. But 
% can never be greater than 180°. Therefore, the solution as given by Eq. (6.53) is only 
possible. 

From Eqs. (6.50), (6.51) and (6.53), the variation of output voltage with firing angle for 
the two converters is as shown in Fig. 6.38 (6). The firing control circuit changes the firing 
angle a, and @, in such a manner that Eq. (6,53) is always satisfied. 

6.8.2. Practical Dual Converter 

With the firing angles controlled in a manner that a@,+o,=180° and with both the 
converters in operation, their average output voltages are equal and have the same polarity. 
One converter will be operating as a rectifier with firing angle «, and the other as an inverter 
with firing angle (180°—«a,). Though their average output voltages are equal, yet their 
instantaneous voltages vg; and vp, are out of phase in a practical dual converter. This results 
in a voltage difference when the two converters are interconnected and as a consequence, a 
large circulating current flows between the two converters but not through the load. In 
practical dual converters, this circulating current is limited to a tolerable value by inserting 
a reactor between the two converters as shown in Fig. 6.39, The circulating current can 
however, be avoided provided the converters are triggered suitably. In general, a dual 
converter can be operated in the following two modes. 

(a) Dual Converter without Circulating Current, With non-circulating current dual 
converter, only one converter is in operation at a time and it alone carries the entire load 
current. Only this converter receives the firing pulses from the trigger control, The other 
tonverter is blocked from conduction ; this is achieved by removing the firing pulses from 
this converter. Thus, only one converter is in operation at a time whereas the other converter 
is idle. Such an arrangement for the dual converters is shown in Fig, 6.37 where there is no 
reactor in-between the two converters. 

Suppose converter 1 is in operation and is supplying the load current. For blocking 
convertor 1 and switching on converter 2, first firing pulses to converter 1 are immediately 
removed or the firing angle of converter 1 is increased to maximum value and then its firing 
pulses are blocked, With this, load current would decay to zero and then only converter 2 is 
Made to conduct. by applying the firing pulses to it. Now the current in converter 2 would 
build up through the load in the reverse direction. So long as converter 2 is in operation, 
converter 1 1s idle as firing pulses are withdrawn from it. It should be ensured that during 
changeover from one converter to the other, the load current must decay to zero. After the 
outgoing converter has stopped conducting, a delay time of 10 to 20 msec is introduced before 
the firing pulses are applied to switch on the incoming converter. This time delay ensures 
reliable commutation of SCRs in the outgoing converter. If the incoming converter is triggered 
before the outgoing converter has been completely turned-off, a large circulating current 
would flow between the two converters. 

With non-circulating ¢urrent mode of dual converter, the load current may be continuous 
or discontinuous. The control circuitry for the dual converter is so designed as to give 
Satisfactory operation during continuous as well as discontinuous load current. 
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(6) Dual converter with circulating current. In the circulating current mode of dual 
converter, a reactor is inserted in-between converters 1 and 2 as shown in Fig. 6.39. This 
reactor limits the magnitude of circulating current to a reasonable value. 


+ 


Vr 





b) 
Fig. 6.39. Circulating vais type dual converter for 
(a) single-phase supply and (6) three-phase supply. 

The firing pulses of the two converters are so adjusted that a, + a, = 180°. As for example, 
if firing angle of converter 1 is 60°, then firing angle of converter 2 must be 120°. Therefore, 
for these firing angles, converter 1 is working as a rectifier and converter 2 as an inverter. 
Though the output voltage at the terminals of both converters 1 and 2 has the same average 
value and also has the same polarity, their instantaneous output voltage waveforms, however, 
are not similar as shown by vp, and vp, in Fig. 6.40 (6). As a consequence of it, circulating 
current flows between the two converters. This circulating current is limited by the reactor. 
If the load current is to be reversed, the role of two converters is interchanged. This means’ 
that converter 1 is now made to act as inverter by making its firing angle greater than 90° 
and converter 2 is made to work as rectifier by making its firing angle a, less than 90° such 
that o,+o,=180°. The normal delay period of 10 to 20 msec, as required in 
circulating-current free operation, is not needed here. This makes the dual converter with 
circulating current operation faster. The main disadvantages of this dual converter are as 
under : 
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(a) 
(b) - 

YoT —_Load voltage mt 
(c) . 

v,* Reactor voltage ut 


ga echeaty ociceioiy PN, 


ANA AN 2 


(@) 





Fig. 6.40. Voltage and current waveforms for a circulating-current type dual converter. 

(t) A reactor is required to limit the circulating current. The size and cost of this reactor 
may be quite significant at high power levels. 

(tt) Circulating current gives rise to more losses in the converters, hence the efficiency 
and power factor are low. 
_ (ut) As the converters have to handle load as well as circulating currents, the thyristors 
for the two converters are rated for higher currents. 
| In spite of these drawbacks, a dual converter with circulating current mode is preferred 
if load current is to be reversed quite frequently and a fast response is desired in the 
four-quadrant operation of the dual converter. 

Dual converter operation with waveforms. The operation of the dual converter in 
the circulating-current mode is described here under the following assumptions : 

(1) The reactor is lossless. 
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(ii) The firing angles of the two converters are so controlled that 0, + o, = 180°. 


In Fig. 6.40 (a), supply line voltages v,,, U,,. U,, etc. are shown. As an illustrative example 
for describing the working of a dual converter with waveforms, let a, be equal to 60°. Then, 
for converter 2, Ot, = 180° — 60° = 120°. With a, = 60°, the output voltage v9, for converter 1 is 
indicated by thick line in Fig. 6.40 (a). This output voltage vg, is now shown as v,, In Fig. 
6.40 (b) from wt = 120° to 180°. In this manner, v,, is drawn for other intervals of time in Fig. 
6.40 (6). With «, = 120° for converter 2, the output voltage is negative as shown by thick line 
in Fig. 6.40 (a), As the average values of output voltages of both the converters are positive, 
the output voltage vg9 of converter 2 must also be shown positive above the reference line 
wt. This output voltage v,,, indicated by thick line in Fig. 6.40 (a) 1s now shown as v;,, 1n Fig. 
6.40 (b) from wt=180° to 240°. In this manner, vp, waveform is drawn positive as 
Usa. Veg, Veg Cte. in Fig. 6.40 (0). 


The load voltage v, is equal to the average value of the instantaneous converter output 
voltages Up, and Ugo, Le. 
Voi T Voe 
V,_,, sin 60° + 0 
At wt = 0°, y= ——- 0.433 V_y 
V.,, sin 30° + V,,, sin 30° : 
At wt = 30°, v= > Vial 


0 + V,,;sin 60° 


This load voltage waveform vy is shown in Fig. 6.40 (c). 


..AB.54) 


= 0.433 V,,, and so on. 


The reactor voltage v, is equal to the difference of converter output voltages 
Up, and Upp, Le. 


UV, =Uo1 — Yoo (6,55) 
At at = 0°, u.= V,, sin 60° — 0= 0,866 V,,,) 
At wt = 30°, v,= V7 8in 30 - V,,,, sin 80° =0 
At of = 60°, v,=0—V,,; sin 60° =— 0.866 V,,,, 
and so on. The variation of reactor voltage v, is plotted in Fig. 6.40 (d) 
Now v,=L ae 


where i, is the circulating current through both the converters and reactor L. The waveform 
of i, can be drawn from the waveform of v, as under : 


At ot = 0°, v, is maximum and positive, therefore slope of i, must be maximum and positive 

di | ee f goot. on 

to satisfy the relation v,= Le Thus, i, is shown rising in Fig. 6.40 (e) with a maximum 
positive slope. At wt = 30°, v,=0, therefore slope of ,=0 ; this is possible only when 1, 1s 
maximum with a — 0, After @t = 30°, v, starts becoming negative, the value of 1, also starts 


falling so that di,/dt is negative. At wt = 60°, v, is maximum but negative, therefore slope of 
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i, must be negative but maximum. Based on this logic, waveform of i, is drawn as shown in 
Fig. 6.40 (e). 

No-load. At no load, both converters handle only circulating current i, as shown in Fig. 
6.40 (e). 

On-load. Converter 1 (with @, < 90°) works as a rectifier and carries load current as well 
as circulating current. Assuming load current J, as constant, the converter 1 current is’ 
ty=1,)+1,. Converter 2 (with 0 > 90°) works as an inverter and handles only the seri ort 
current t.. The waveforms for these currents 1, andi, are shown in Fig. 6.40 (/). | 


The expression for the circulating current in the dual converter can be obtained from 
voltage uv, across the reactor. 





It is seen from Fig. 6.40 (6) that for the time interval (1/3 +a,) < wt <(n/3+0,+1/3), 
the converter output voltages are 
Vor = Uap AN Vog = Up, 

The reactor voltage v,, from Eq. (6.55), is 

VU. = Uo, ~ Coe = Cab ~ Vibe (6,56) 
It is seen from Fig. 6.40 (a) that 

ab = V7 8in ot. As Ube lags v,,, by 120°, it is ive by 

U, = Ear [sin wt — sin (wt — 120°)] 





or U. =V3 V mi SiN (at + 70/6) AGST) 
The circulating current 4, is obtained from the time mug of reactor pevere v. and is 
given by 
. 1 V3 - Vinl 
= s Be sin (wt + 1/6) dt 

L J (a; + a ; L (a, +2/3)/e0 
or = “| a, + x/3 sin (cot + 7/6/ « d(ot) ... (6,58) 

V3 -V,, 
or tp =F [— sin &, — cos (wt + 7/6)] ..(6,58) 


It is seen from Kq. (6.58) that the magnitude of circulating current depends upon the 
firing angle «, and upon wf. For any value of firing angle, the peak value of circulating current 
occurs when wt = 52/6. This peak value i,, is then given by 

weelsae: | 
bop = an [1 — sin «,] (6.59) 





Eq. (6.59) shows that peak value of firing angle depends upon the firing angle ot,. For 
%, = 0, the maximum value of i.,, is V3 3 Vi n1/ aL and for 0, = 90°, i,,, = 0. 


In Eqs. (6.58) and (6.59), V,,,; is the maximum value of line voltage. 


Example 6.20. A 3-phase dual converter, operating in the circulating-current mode, has 
the following data : ' 
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Per phase supply voltage = 230 V, f=50 Hz, a, = 60°, current limiting reactor, 
L=15 mH. Calculate the peak value of circulating current. —— ’ 
Solution. The peak value of circulating current, for firing angle a, = 60°, is given by Eq. 


(6.59). | 
apd ‘V3 - V6 - 230 
? onx50x15x 10° 
6.9. SOME WORKED EXAMPLES | = 
In this article, some typical problems on phase controlled rectifiers are solved. 
Example 6.21. A single-phase full converter is supplied from 230 V, 50 Hz source. The 
load consists of R = 10 Q and a large inductance so as to render the load current constant. For 
a firing angle delay of 30°, determine (a) average output voltage (b) average output current (c) 
average and rms values of thyristor currents and (d) the power factor. 
Solution. The waveforms for source voltage v, load current to, load voltage vo, thyristor 
current i;, (or i7)) and source current 1, (refer to Fig. 6.10) are drawn in Fig. 6.41. 


[1 —sin 60°] = 27.7425 A. 





Fig. 6.41, Pertaining to Example 6.21. | on 
(a) For a single-phase full converter, average output voltage Vp, Eq. (6.28), is given by 


Vo= aye cos c= 2v2 x 280 230 os 30° = 179.303 V 
( Tt = 


Vo 179.303 
10 


(b) Average output current, [)=— = =17.93 A 


(c) It is seen from the waveform of thyristor current ry, (or i7>) that its average value is 
given by 
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Rms value of thyristor current is 





(¢@) Rms value of source current, J, = If . B =J,=17.93 A 


Load power = V, 1,=179.3 x 17.93 W 
Input power =V,J, cos 
For no loss in the power converter, 
V,f,cosd=V, I, 
179.3 x 17.93 
230 x 17.93 


In general, for a 1-phase full converter with ripple free load current as in this example 
and with no device drops, 


.. Power factor, cos oO = = 0.7796 lag : 


input power = load power 





or V,/,cosd=V, J, 
2V l 
pu pf _  cOS of Ix Ve 
2V2 Vs od ND, 
=——— 08 @ : = = — cos & 
1 Vv, 


For this example, input pf= 22 cos 30° = 0.7796 lag. 
Example 6.22. In Example 6.21, if source has an inductance of 1.5 mH, then determine 
(a) average output voltage (6) the angle of overlap and (c) the power factor. 
Solution. (a) From Eq. (6.46), average output voltage is 
2 V, fn 
V, =— cos o- a 
1 Tt 


s 30° 








_ 2nx50x1.5x10-° 


— ON x 230_ 
Tt Tt 


x 17.93 
= 176.614 V 
he 
(6) From Eq. (6.44), i= ah [cos o — cos (a + )] 


' & 
¥2 x 230 x 10° 
2m x50 1.5 
Its simplification gives overlap angle, 
U = 32.855 — 30 = 2.855° 
Volo 176.614 x 17.93 
(c) Power factor VT 930 x17 93 0.7679 lag. 


Example 6.23. A 3-phase fully-controlled bridge converter withe415 V supply, 0.04.9 
resistance per phase and 0.25 Q reactance per phase is operating in the inverting mode at a 
firing advance angle of 35°. Calculate the mean generator voltage when the current is level at 
80 A, The thyristor voltage drop ts 1.5 V. V.A.S., 1994] 


or 17.93 = [cos 30 — cos (30 + 1)] 


r | : : 
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Solution. Power circuit diagram of a 3-phase full converter reveals that source resistance 
r, will lead to a voltage drop of 2 J, r,. Two thyristors, one from positive group and another 
from negative group, conduct together, therefore there will be a constant thyristor voltage 
drop of 2 Vp. The source reactance leads to overlap and its effect is taken care of by Eq. (6.48). 
By taking into consideration these voltage drops, the average, or mean, output voltage V, 1n 
a 3-phase full converter is given by 








aL, 
Tt I 


3Y, a 
Y= — cos a@-21,r,-2Vr- 


In case 3-phase full converter is working in the inverting mode, thei the load emf 
E or V, (mean generator voltage in this example) can be obtained from the relation : 





3 nl sab, 
—™ cos 7=—E+2Iy7, + 2Vp+ . tp 


3x 0.20 | 


ova x45 cos (180 - 35) =-E +2 80% 0.044+2x1.5+4 80 


or E = 459.022+ 6.4+3+19.1= 487.522 V 
.. Mean generator voltage = EF = 487.522 V. 


Example 6.24. In Example 6.23, in case load consists of RLE, with R =0.2 92, inductance 
large enough to make load current level at 80 A and emf E, then find the mean value of E for 
(i) firing angle of 35° and (ii) firing advance angle of 35°. 

Solution. (i) When firing angle is 35°, 3-phase full converter is in the rectifying mode. 
Therefore, from Example 6.23, 














V, 3 aL, 
V,=E+I,R= — cos & — 2 Ip r,— 2Vp—-—— 
3V | aoe 
or ao cos = E +IgR + 2 Ip ry £2V y+ —— Lp 
8N2 x 415 cos 85°=E + 80x 0.2+2« 80x 0.044+2%1.5+ 3x02? x 80 
or F= 414.522 V. 


(ii) For firing advance angle of 35°, the full converter is in the inverting mode, From 
Example 6.23, 


J 


mi 7 ob, 
cosa =-E+1],R+2I)r,+2Vp+ x I) 
or E = 459.22+ 164+6.44+3+419.1 = 503.522 V. 

Example 6.25. Fig. 6.42 (a) shows a battery charging circuit using SCKs. The input 
voltage from neutral to any line is 230 V (rms) and firing angle for thyristors is 30°. Find the 
average current flowing through the battery. 








Derive the expression used. 

Solution. For the parameters given in this example, the waveform of load current 1s 
drawn in Fig. 6.42 (6), When thyristor A, is gated at «= 30°, it begins conduction at 
wt =30+a=60°. After its turn-on, when V,,, sin §=150V, thyristor A; gets turned off at 
wt =. Note that here B is more than 90° as is seen from Fig. 6.42 (6). Equation governing 
the conduction period in Fig. 6.42 is 

V,, sin at - E=i,k 
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a8 A 


j-phase supply 
o 





= 





a a a a 
Fie. AD. (a) 3-phase half-wave battery charging circuit and 
(b) its relevant waveforms, Example 6.25, 


between the limits of c +o land B > 90°. Thus, average output current is given by 


3 f a > sl eee e 


a\} 


' 3 pf ateG 3° 
= nk Ving l cos cat |, E(p-oe 30°)| 
= =a [V,,, {cos (+ 30) — cos 8} -E (B-a-30°)] 


Here V2 -230sinf=150V. This gives 8 = 27.47° or 152.53". nae B>90°, therefore 
) B= 152.53°. This gives the value of average battery current J) as under : 

7 
‘ ee 


1, 7. = —3—| V2 - 220 (cos 60° — cos 152.53°) 150 162.59 30 = 20) 7 80 | 
Or an xo) | 4 


__3_ 1998 91928] = 19.95 A. 
| 55 (20 


ingle @ semi ing two thyristors and two diodes as 

Example 6.26. A single-phase semiconverter, using two occas s git 
Resin: in. Fig 6.43 (a), is supplied from 230 V, 50 Hz source. The load consists of R=10 a 
= 100 V and a large inductance so as to render the load current level. For a firing delay bt 
of 30°, determine (a) average output voltage (6) average output current (c) average an ! ee 
ubies of thyristor currents (d) average and rms values of diode currents (e) input power factor 
and (f) circuit turn-off time. 


Solution. The waveforms for voltages and 
currents are sketched in Fig. 6.43 (6). 

When forward-biased thyristor T1 is triggered 
at firing angle a, T1D2 start conducting the constant ae 
current J). Soon after wf =, as supply voltage tends 
to go negative, diode D2 gets forward biased through 
D1. Therefore, from w¢=7, load current begins to 
freewheel through T1D2. Thyristor T2 gets forward 


i 


vente gern (a) | 
biased after of = 1, At Of = + G, when T2 is turned Fig. 6.43. Pertaining to Example 6.26. 
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on, current J, begins to flow through T2D2 as shown. Soon after wt = 2n, as supply voltage 
tends to go positive, diode D1 gets forward biased through D2. As a result, current flows 
through T2D1 till T1 is turned on at mt =2n+ 0 and so on. 

The waveform of output voltage vy shows that average value of output voltage is given 
by 


V 


Ir 1o1—eT1k_-T2p 
bit p2 a 


i 
i 
i 
i 
1 
4 
i 
i 
r 
4 
i 
i 
a 
— 
aq Ol 
if 
i 
i 
i 
i 
I 
i 
\ 
! 
r 
i 





Fig. 6.43. (6) Voltage and current waveforms pertaining to Example 6.26. 
(a) Average value of output voltage 


V,=82 XA 289 (1+ cos 30°) = 198.172 V 


(5) Vo=E+ 1 ok 
193.172 = 100 +I, x 10 
Average value of output current | 
Serie =9.32 A : 
(c) It is seen from the waveforms of thyristor current ip, and diode current ip, that both 
conduct for x radians for any value of firing delay angle. On account of this, the circuit of | 
Fig. 6.43 (a) i is sometimes called symmetrical configuration for a single-phase semiconverter. 





Ih= 
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Average value of thyristor current 


(d) Average and rms value of diode currents are the same as those for a thyristor as 
discussed in (c) above. > 
Average value of diode current = 4.66 A 


Rms value of diode current = 6.591 A 
(e) Rms value of source current | 
t= _|n-a 
Lor™ V+ nS = iN 





Tt Tt 
9321/2] —s508a 


Rms value of load current I,,.= Ip =9.32 A. 


Power delivered to load =EI,+I2-x R=100x 9.32 +9.32" x 10 
Also 930 x 8.508 x cos ¢ = Power delivered to load 

932 + 9.32" x10 _ 4 go99) 
.. Input pf= 530% 8508 0.9202 lag 


(f) It is seen from the waveform of vy, that circuit turn-off time is 


Te 
i£-*~ 
_m-G@_ 8d. anno ms =8.33 ms. 
=a pees 






PROBLEMS 





6.1. (a) A single-phase half-wave SCR circuit feeds power to a resistive Pe ar et tens 
source voltage, load voltage, load current and voltage ae the SCE ps . a eta sine angle. 
obtain expressions for average and rms load voltages in terms of veins ee age a oi - oo 

(b) Aresistive load of 10 Q is connected through a half-wave SCR circuit to 220 V, 50 fz, single-p 


| ivere . a firin: 0°. Find also the value of input power 
rey Calculate the power delivered to load for a firing angle of 60 ee Sra aaa Tie 
actor. 


! + : =. ion fi 

6.2. (a) An RL load is fed from single-phase supply through a thyristor. ani - lie 
load current in terms of supply voltage, frequency, R. L ete. Indicate the time limits during Ww! 
solution is applicable. _ yarn 2 

For this thyristor-load combination, draw waveforms for load voltage, load current, source current 
and voltage across the thyristor. | Sntalert 

(b) e RL load, energised from single-phase, 230 V, 50 Hz source through a Se eee eect 
R= 10 Q and L = 0.08 H. If thyristor is triggered in every positive halt cycle at 3. 7 ; ea, ash 
expression as a function of time. [ Ans. (6) 12.023 sin (314 ¢t — 68.3°) — 2. j 

6.3. (a) For a single-phase one-pulse controlled converter system, sketch meena a em i. ae 
and load current for (i) RL load and (ii) RL load with freewheeling ee i a Ci 
of these waveforms, discuss the advantages of using a freewheeling diode. 
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(b) A battery is charged by a single-phase one-pulse thyristor controlled rectifier. The supply is 30 
V, 50 Hz and battery emf is constant at 6 V. Find the resistance to be inserted in series with the battery 
to limit the charging current to 4 Aon the assumption that SCR is triggered continuously. Take a voltage 
drop of 1 V across the SCR. Derive the expression used. [Ans (5) 2.5467 02] 

6.4. (a) Adc battery is charged through a resistor A as shown in Fig. 6.5 (a). Derive an expression 
for the average value of charging current in terms of V,,, 2, R, firing-angle delay o etc. Here a > 8, 
where 6, can be obtained from V,, sin 6, =2£. 

(6) For an ac source voltage of 230 V, 50 Hz, find the value of average charging current for 
R=109, E = 110 V and for firing angle delay = 30°, 

(¢) Derive an expression for the rms value of charging current for the circuit described in part (a) 
above. Also, calculate the power delivered to battery and that dissipated in the resistor. 

(@) Calculate the supply pf. 

[Ans. (a) Eq. (6.21q@), (6) 5.3743 A 
7 , 1/2 
= Vi+E" ,- Vs in 2c. + sin 26,)-—2 V,, E (cos a + cos 61) 
oR? (Vetl)(m— Oy +5 (sin 20+ sin 28;)-—2. V,, & (cos 5 Oy 
591.173 W, 926.175 W (d) 0.6855 lagl 

6.5. A single-phase one-pulse SCR controlled converter feeds an RL load with a freewheeling diode 
across the load. Discuss how freewheeling diode comes into play when,supply voltage is passing through 
zero and becoming negative. Sketch waveforms for supply and load voltages, load current, supply 
current, freewheeling diode current and voltage across the SCR. 

Derive expressions for the load current as a function of time during conduction as well as freewheel- 
ing periods. Derive also an expression for average load current. 

6.6. (a) Describe the working of a single-phase one-pulse SCR controlled converter with RLE load 
through the waveforms of supply voltage, load voltage, load current and voltage across the SCR. Hence 
derive expression for the load current in terms of supply voltage, load impedance, firing angle, load 
voltage ete. 

(6) A single-phase one-pulse converter with RLE load has the following data : 

Supply voltage =230 V at 50 Hz, R=20,L=1md,£=120YV, 

Extinction angle B = 220°, firing angle o = 25°, 

(i) Caleulate the voltage across thyristor at the instant SCR is triggered. 
(ii) Find the voltage that appears across SCR when current decays to zero. 
(iit) Find the peak inverse voltage for the SCR. Ans, [17.465 V, 329.079 V, 445.27 V] 


6.7. Describe the operation of a single-phase two-pulse mid-point converter with relevant voltage 
and current waveforms. Discuss how each SCR is subjected to a reverse voltage equal to double the 
supply voltage in case turns ratio from primary to each secondary is unity. 

Find the circuit turn-off time provided to each SCR by this conyerter configuration. 

6.8. In a single-phase mid-point converter, turns ratio from primary to each secondary is 1.25. The 
source voltage is 230 V, 50 Hz. For a resistive load of R=2 ©, determine 

(a) maximum value of average output voltage and load current and the corresponding firing and 
conduction angles, 

(6) maximum average and rms thyristor currents, 

(c) maximum possible values of positive and negative voltages across SCKs, 

(d) the value of « for load voltage of 100 V, 

(e) the value of voltage across SCR at the instant of commutation for « of part (d). 





(c) 


riy 
Hint (b) Maximum average thyristor current = =~ I, Rp sin wet + (at), ete. 


[Ans. (a) 165.63 V, 82.82.44, a@=0°, y= 180° (6) 41.41 A, 65.054 A 
(c) 520.4 V, 520.4 V (d) 52.862° (e) 414.82 VY] 
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' P : a 
6.9. (a) A single-phase full converter charges a battery which offers a constant value of E . A resistor 
Ris inserted to limit the battery charging current. Derive an expression for the average charging current 
in terms of V,,,, E, R etc, on the assumption that each pair of SCKs is fired continuously in each half 
cycle. Take V, as the voltage drop in conducting SCRs. 
(b) Find the value of R in case battery charging current is 6 A, supply voltage is 40 V, 50 Hz, 
E=12 V and V, =1 volt. 
(c) Find the power dissipated in A. 
(d) Find the supply power factor. 
. | as 
[Hint. Refer to example 6,2. (6) 0; =sin . Va 40 
(c) Use Eq. (6.23) with 2x replaced by rm in the denominator]. 
[Ans. (a) + [2 V,, cos 6, — (E+ V,)(n — 20)! 
(b) 3.994 Q (c) 206.446 W (d) 0.9891 lag) 
6.10. A single-phase semi-converter delivers power to RLE load with R=5, L=10mH and 
E=80 V. The ac source voltage is 230 V, 50 Hz. For a continuous conduction, find the average value of 
output current for a firing angle delay of 50°. | 
If main SCR T2 is damaged and open circuited, find the new value of average output current on 


the assumption of continuous conduction. Sketch the output voltage waveform and indicate the conduc- 
tion of various components. [Ans. 18.013 A: T1 D1, FD; T1 D1, FD and so on; 1.0063 Al 

6.11. A single-phase full converter feeding RLE load has the following data. Source volt- 
age = 230 V, 50 Hz; R=2,5 Q, FE = 100 V, Firing angle = 30". 

If load inductance is large enough to make the load current virtually constant, then 

(a) sketch the time variations of source voltage, source current, load voltage, load current, current 
through one SCR and voltage across it, 

(4) compute the average value of load voltage and load current, 

(c) compute the input pf. [Ans, (a) Refer to Fig, 6.10 (4), (b) 179.30 V, 31.72 A (c) 0.7796 lag] 

6.12. Repeat Prob. 6.11 in case a freewheeling diode is connected across RLE load. 





| owe | | 
Hint. (c) Rms value of load current = cE ma (Ans. (b) 193.17 V, 37.268 A (c) 0.8461 lag] 


° 180. 


6.13. Describe the working of a single-phase full converter in the rectifier mode with RLE load. 
Discuss how one pair of SCRs is commutated by an incoming pair of SCRs. Illustrate your answer with 
waveforms for source voltage, E, output voltage and current, source current, current through and voltage 
across one thyristor. Assume continuous conduction. 

Derive an expression for the average output voltage in terms of source voltage and firing angle. 
From the voltage differential equation of this converter, show that Vo =I,R +E. | 

6.14. Describe the working of a single-phase full converter in the inverter mode with RLE load. 
Illustrate your answer with waveforms for source voltage, E, load voltage and current, source current, 
current through and voltage across one SCR, Assume continuous conduction. | 

Find also the circuit turn-off time. Should the average output voltage be more than # during 
inverter operation ? Discuss. , 

6.15. A single-phase semiconverter bridge feeds RLE load. Discuss how freewheeling diode comes 
into operation and holds the output voltage to almost zero for a given firing angle delay. Sketch the 
time variations of supply voltage, Z, load voltage and current, freewheeling diode current and current 
through each pair consisting of SCR and diode. Find also the circuit turn-off time. Assume the load 
current continuous. | | 

Also, derive an expression for the average output voltage in terms of source voltage and firing angle. 
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je Vri olt. ‘fforential equations for a single-phase semiconverter with RLE load 
for Peg ne ga oe Wanatiosliag Vanes the time intervals during which these equations 
are applicable. Integrate these differential equations to obtain 
eS : sd of 1200 
excited de : single-phase semiconverter runs at a speed Of 1s 
iin ct Se ate : aay Sees an tice faite? cote emf is 140 V. The firing Brigie delay 
:. 50°. Armature circuit resistance is 3 2. Compute the average armature current and motor torque. 
(Hint. (b) Find K,, = 1.114 NoVA and proceed] [Ans. (6) [10.021 A, 11.164 Nm] 
6.17. A single-phase full converter is connected to RLE load. For discontinuous ae Sere 
the source voltage, output voltage, load current and source current waveforms as 4 function 
when | 
(a) extinction angle Bh > 1 
(b) extinction angle B < x with V,, sin B < E, | | 
Explain how the various waveforms are obtained and discuss phair nature. ee. 
6.18. A single-phase semiconverter feeds power to RLE load. For discontinuous load ee 
the source voltage, output voltage, load current, source current and freewheeling diode cu 
waveforms as a function of time when 
(a) extinction angle B > : 
(b) extinction angle f <x with V,, sin Bb < £. 
Explain how various waveforms are obtained and discuss their nature. | ,. st 
6.19. A single-phase full-converter supplies power to RLE load. The source voltae Sf aa | = 
and for load R=29,L=10mH,E=100V. Fora firing angle of 30°, find ne average ee ue of outp 
current and output voltage in case the load current extinguishes at (a) a Bus (5) ie — om 
Derive the expressions used. (Ans, (a) 46.2424 A, 192.485 V (5) Sere el uns 
: ingle-phase mid-point converter supplies constant load current of 5 A when tne 
eee a mat ae 36", To input voltage to the converter is 220 V at 50 Hz. The turns 


is =, Determin id input power factor. 
ratio from primary to each secondary 18 3 Determine the load voltage and input po 


(Hint : Primary AT, =secondary AT,, *. JN, = Ip «Ng or I,=10 Aetc] 
[Ans: 324.45 V, 0.7374 lag] 
6.21. For a 3-phase half-wave diode rectifier, derive an expression for the average output voltage 
Vp in terms of maximum value of source voltage from line to nettral, | 
If this rectifier feeds RL load with R=5 Mand L=3 mH, find the average load current - rea 
input voltage of 400 V, 50 Hz, [Ans “ 
6.22. (a) For a three-phase half-wave SCR converter delivering continuous output csete hi Cntee 
expressions for the average output voltage for firing angle of (i) 0°<a<30° and (i) 30° <a < 7 
(b) A three-phase half-wave SCR converter delivers constant load current of 30 A over the firing 
angle range of 0° to 80°. At these two firing angles, compute the power delivered to load for an ac input 
voltage of 400 V from a delta-star transformer. 7 
| 3V3 Vi. : ey, nner) 
| Ans : (a) For both (i) and (ii), Vo= == cos a (b) 8,102 kW (c) 1.4068 KW 
ibe thi 3. i ase di ‘fier from 3-phase 3-pulse diode rectifiers 
23. -ribe the evolution of 3-phase six-phase diode rectifier from d-p : 
EN a ea and waveforms. Hence derive an expression for the average output voltage of 
a 3-phase six-pulse diode rectifier. | = 
6.24, A 3-phase full converter is connected to a resistive load. Show that the average output voltage 
is piven by 
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dV. 
Vp=—™ cos for O<a<= 
T a 
3 Vial a t on 
nd V,=—— += = <2 gg <— 
an | 0 . 1+008 a+ for q <0< 


where V,, = maximum value of line voltage. 

6.25. For a 3-phase full converter, explain how output voltage wave, for a firing angle of 30°, is 
obtained by using 

(a) phase voltages and (b) line voltages, 

6.26. (a) A resistive load of 109 is connected to a 3-phase full converter. The load takes 5 kW for 
a firing angle delay of 70°. Find the magnitude of per phase input supply voltage. Derive the expression 
required for the output voltage in terms of firing angle etc. 

(6) Repeat part (a) in case an inductor connected in series with the load makes the load current 
constant. 

(c) Repeat part (a) in case an inductor connected in series with the load makes the load current 
continuous. 

(Hint. (a) First derive an expression for the rms value of output voltage, 
1/2 


Ver = Vn VW ( 5 dh 4 (NB 600 2a~ sin 2 


[Ans. (a2) 214.242 V (b) 279.55 V (ec) 213.254 VJ 

6.27. For a 3-phase semiconverter, draw output voltage waveforms for a firing angle delay of 45° 

indicating the conduction of its various elements on the assumption of continuous output current. 
Discuss whether freewheeling diode comes into play or not. Hence obtain an expression for the average 
output voltage in terms of ac supply voltage, firing angle delay etc. by using both sine and cosine 
functions for the supply voltage. 
_ 6.28. Sketch output voltage waveform for a 3-phase semiconverter for a firing angle delay of 75°. 
Indicate the conduction of various elements and discuss whether freewheeling diode comes into play 
on the assumption of continuous load current. Hence obtain an expression for the average output voltage 
by using both sine and cosine functions for the supply voltage. 

6.29, A 3-phase semiconverter is connected to RLE load. For a firing angle delay of 120°, draw 
output voltage and load current waveforms in case load current is (a) continuous and (h) discontinuous. 
For both parts, indicate the conducting elements of the semiconverter during three periodic times of 
the output voltage wave. Discuss briefly the nature of waveforms obtained. 

6.30. A separately-excited dc motor fed from 3-phase semiconverter develops a full load torque at 
1500 rpm when firing angle is zero, the armature taking 50 Aat 400 V de and having an armature-circuit 
resistance of 0.5 2. Calculate the supply voltage per phase. Find also the range of firing angle required 
to give speeds between 1500 rpm and 750 rpm at full-load torque. 


. 3 V, 
(Hint. For o = 0° and 1500 rpm, —— = 400, K=0.25 V/irpmetc.) [Ans. 171.006 V, ~=0° to 86.42°] 


6.31, A 3-phase full converter thyristor bridge feeds a resistive load R. 

(a) Sketch input voltage waveforms for vg, Ug. Up, etc. 

(4) From (a), sketch the waveform of the output current. ip for a firing angle of 30°. 

(c) From (6), sketch the waveform of input current i, for phase A for a = 30°. Show the duration of 
conducting thyristors. In case input voltage is 400 V and R= 200 Q, indicate the peak magnitude of 
current i,. [Ans, (c) Peak magnitude of i, = 2.828 A] 

6.32. For a 3-phase full converter, sketch the input voltage waveforms for v,, v,, v,, ete and voltage 
eo across any one thyristor for one complete cycle for a firing angle delay of (a) 60° and (h) 
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e volt cross thi. R and its commutation time for both parts (a) 
“nd the magnitude of reverse voltage across this SCR an Ss a fh : : 
and ee a Gackt voltage of 230 V, 50 Hz. (Ans. (a) 325.22 V, 10 m sec (6) 281.69 V. ae sec] 
6.33. A battery is charged from 3-phase supply mains of 230 V, 50 Hz through a 3-phase sept < 
verter. The battery emf is 190 V and its internal resistance is 0.5 9. An inductor eee. 3 nee ; 
with the battery renders the charging current of 20 A ripple free. Compute er eee . a re 
the supply power factor. , Ans. 73. : me —s 
6.34. (a) A3-phase full converter is used for charging & battery with an emf of ere - we a 
resistance of 0.2 9. For a constant charging current of 10.A, compute the firing angie delay 10 f 
yoltage of 220 V. Find also the supply power factor. : 
| veri cy . ce to 3-phase system, the firing angle of the 
b) For the purpose of delivering energy from de source to : ; eee 
ee nea hes been increased to 150°. For the same value of de source current of 10 A, oa 
the output ac line voltage. [Ans. (a) 67.85°, 0.36 lag (b) 92.36 V 
6.35. A 3-phase full converter is delivering a constant load current of 50 A at 230 - de eee es 
input is 3-phase, 415 V, 50 Hz. If each thyristor has a voltage drop of 1.1V when ORE USER: [A c ee 
(a) the firing angle delay of SCRs (6) the rms current of SCRs (e) rms source on (a) t . ew Be te 
loss in each SCR and (e) input pf. (f) In case ac supply has an inductance of 3 mH per phase, 
new value of firing angle for the same de power output a before. 
[Hint : (e) Input power = output power + power lost in SCRs 
| : 50 , 
V3 x 415 x 40.825 x cos = 230 x 50+ 1.1.x =x 6 etc] 
[Ams: (a) 64,54° (b) 28.87 (c) 40.825. (d) 18.33 W (e) 0.3936 lag (f) 59.12°] 
6.36. (a) Discuss the effect of source inductance on the performance of a single-phase full converter 
indicating clearly the conduction of various thyristors during one cycle. n r : 
Derive expressions for its output voltage in terms of (i) maximum voltage Vin, firing angle a an 
overlap angle and (ii) V,,,a,L, and load current Jp, Here L, is the source inductance. 


(1) L, + 1 
ind ig nt ar 1 ; si] | es eries 
Show that the effect of source inductance is to present an equivalent resistance of . Qin s 


with the internal rectifier voltage. : mo 

(b) A single-phase full-converter fed from 220 V, 50 Hz supply gives an output voltage : oe oa 
no load, When loaded with a constant output current of 10 A, the overlap anaieu? a aie ae 
Compute the value of source inductance in henries. [Ans, (5) 4. 


6.37. (a) Show that the performance of a single-phase full converter as effected by source inductance 
is given by the relation 
ool, fy 
cos (0! + [) = C08 O-- 5 
eo 





where the symbols used have their usual] meanings. ' | , le nat 

(6b) A siraglealiaina full converter is connected to ac supply of 330 sin 3141 volt and 50 Hz. It \ age 
with a firing angle o = 1/4 rad. The total load current is maintained constant at 5 A and the load voltage 
ubrab ite ial + i ance, angle of overlap and the load resistance. | 
is 140 V. Calculate the source inductance, ang : (Ans: 17.113 mH, 6,267°, 28 9] 


6.38. (a) Show that the performance of a three-phase full converter as influenced by source 
inductance is given by the relation 





Babyy 
cos (a+ p)=cos a@—- Vent 0 
The symbols used have their usual meanings. ris, eee ag 
(b) A 3-phase fully controlled bridge converter is fed from a 3-phase 400 Ma na beeen 
angle of 60°, output current is level at 25 A and output voltage is 200 Vz peas a e pe ; ba ; ir 
source inductance and angle of overlap. ee oe 
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6.39. A single-phase semiconverter, with two thyristors and 
two diodes as shown in Fig. 6.44, is supplied from 230 V, 50 Hz 
source. The load consists of R=109,E=100 V and a large in- 
ductance to make the load current level. For a firing angle delay 
of 30°, determine (a) average voltage (b) average output current 
(c) average and rms values of thyristor as well as diode currents 
(@) input power factor and (e) circuit turn-off time. ? 

[Ans ; (a) 193.172 V (6) 9.32 A (c) 3.883 A, 6.016 A; 5.4367 A, 
7.1183 A (d) 0.9202 lag (e) 10 ms] 





6.40. Describe the effect of source inductance on the perfor- ; 
mance of a 3-phase full converter with the help of phase voltage .._ . daa s pa 
waveforms. Indicate the sequence of conduction of various thyris- Bee eee tee Ore 
tors and sketch load current waveforms for both positive and negative group of thyristors. 

Derive an expression for its output voltage in terms of supply voltage, source inductance, load 
current etc. 

1 6.41. Repeat Example 6.18 for firing angle delay of 45° and overlap angle of 45°. 

6.42. Explain how two 3-phase full converters can be connected back to back to form a circulating 
current type of dual converter. Discuss its operation with the help of voltaye waveforms across (a) each 
converter (5) load and (c) reactor. 

Describe how circulating current waveform can be obtained from reactor voltage waveform. 

If one of the two converters is loaded, sketch the waveforms of their load currents also. 

6.43. (a) For a 3-phase dual converter, derive an expression for the circulating current in terms of 

. supply voltage, reactor inductance, firing angle delay etc. Relevant voltage and current waveforms, 
needed for this derivation, must be sketched. 
| (5) Two 3-phase full-converters are connected in antiparallel to form a 3-phase dual converter of 
the circulating-current type. The input to the dual converter is 3-phase, 400 V, 50 Hz. If peak value of 
| circulating current is to be limited to 20 A, find the value of inductance needed for the reactor for firing 
| angles of (7) o = 30° and (ti) a, = 60°. [Ans, (5) (i) 77.97 mH (ii) 20.892 mH] 


~~ 
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Choppers 


Manv industrial applications require power from de voltage sources. Several of these 
snail however, Seslortn better in case these are fed from variable de hash ee 
Examples of such de systems are subway cars, trolley buses, battery-operated vehicles, 
battery-charging etc. if oz 

From ac supply systems, variable de output voltage can be obtained through the eae oO 
phase-controlled converters (discussed in Chapter 6) or motor-generator sets. The ane 
of fixed de voltage to an adjustable de output voltage, through the use of Se eae r 
devices, can be carried out by the use of two types of de to dc converters given below 7 

C Link Chopper. In the ac link chopper, dc is first converted to ac by an inverter c 
to i Beebe AC is then stepped-up or stepped-down by a transformer which is . 
converted back to dc by a diode rectifier Fig. 7.1 (a). As the conversion is in two stages, dc to 
ac and then ac to de, ac link chopper is costly, bulky and less efficient. 





(c) 
(a) AC link chopper (6) de chopper (or chopper) and 
(c) Reproduction of a power semiconductor device. 
Fig, 7.1 
DC Chopper. Achopper is a static device that converts fixed dc input voltage to a variable 
de output voltage directly Fig. 7.1 (b). Achopper may be thought of as de equivalent of an ac 
transformer since they behave in an identical manner. As choppers involve one stage 
conversion, these are more efficient 


ol 


C y being used : the world for rapid transit systems. These are also 

Choppers are now being used all over the world for rapid transit s 3 
used ig cars, marine hoists, forklift trucks and mine haulers. The future electric 
automobiles are likely to use choppers for their speed control and braking. Chopper systems 
offer smooth control, high efficiency, fast response and regeneration. 
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The power semiconductor devices used for a chopper circuit can be power BUT, power 
MOSFET. GTO or force-commutated thyristor. These devices, in general, can be represented 
by a switch SW with an arrow as shown in Fig. 7.1 (c). When the switch is off, no current 
can flow. When the switch is on, current flows in the direction of arrow only. The power 
semiconductor devices have on-state voltage drops of 0.5 V to 2.5 V across them. For the sake 
of simplicity, this voltage drop across these devices is neglected. 

As stated above, a chopper is de equivalent to an ac transformer having continuously 
variable turns ratio. Like a transformer, a chopper can be used to step down or step up the 
fixed dc input voltage. As step-down de choppers are more common, a4 de chopper, or chopper, 
in this book would mean a step-down de chopper unless stated otherwise. 


The object of this chapter is to discuss the basic principles of chopper operation and the 
more common types of chopper configurations using ideal switches. 


7.1. PRINCIPLE OF CHOPPER OPERATION | 

A chopper is a high speed on/off semiconductor switch. It connects source to load and 
disconnects the load from source at a fast speed. In this manner, a chopped load voltage as 
shown in Fig. 7.2 (6) is obtained from a constant de supply of magnitude V,. In Fig. 7.2 (a), 
chopper is represented by a switch SW inside a dotted rectangle, which may be turned-on or 
turned-off as desired. For the sake of highlighting the principle of choper operation, the 
circuitry used for controlled the on, off periods of this switch is not shown. During the pericd 





Chopper 


SE ; 





(b) 
Fig. 7.2 (a) Elementry chopper circuit and (b) output voltage and current waveforms. 
T,,,, chopper 1s on and load voltage is equal to source voltage V,. During the interval tT, ’ 
chopper is off, load current flows through the freewheeling diode FD. As a result, load 
‘terminals are short circuited by FD and load voltage is therefore zero during T,,, In this 
manner, a chopped dec voltage is produced at the load terminals. The load current as shown 
in Fig. 7.2 (6) is continuous. From Fig. 7.2 (b), average load voltage Vj is given by 
rs 7 Pon : Len 
——— So V xeu7s1) 
Vor 4+T, T ROM, 
where T,,'= on-time ; T,¢= off-time 
T=T,,, + >= chopping period 


7 
a= 7 = duty cycle 


Thus load voltage can be controlled by varying duty cy cle a. Eq. (7.1) shows that load 
voltage is independent of load current. Eg. (7.1) can also be written as 
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Vo=f Ton Ve .AT.2) 
where = - = chopping frequency 


7.2. CONTROL STRATEGIES 

It is seen from Eq. (7.1) that average value of output voltage V, can be controlled through 
o, by opening and closing the semiconductor switch periodically. The various control strategies 
for varying duty cycle o are as follows : 

7.2.1. Constant Frequency System | | 

In this scheme, the on-time T,,, is varied but chopping frequency f (or chopping period 
T) is kept constant. Variation of T,,, means adjustment of pulse width, as such this scheme 
is also called pulse-width-modulation scheme. This scheme has also been referred to as 
time-ratio control (TRC) by some authors. Kn 

Fig. 7.3 illustrates the principle of pulse-width modulation. Here chopping perion Tis 
constant. In Fig.7.3 (a), T,, =4 T so that a = 0,25 or o= 25%. In Fig. 7.3 (6), T,, =2T so that 
a = 0.75 or 75%. Ideally o can be varied from zero to infinity. Therefore output voltage V, can 
be varied between zero and source voltage V,. 

7.2.2. Variable Frequency System ‘ ; 

In this scheme, the chopping frequency f (or chopping period T ) is varied and either (i) 
on-time T',, is kept constant or (ii) off-time Tyg is kept constant. This method of controlling 
o is also called frequency-modulation scheme. 





Load voltage 


Pe (a) 





Fig. 7.3. Principle of pulse-width modulation (constant T). 

Fig. 7.4 illustrates the principle of frequency modulation. In Fig. 7.4 (a); Tis 18 kept 
constant but T is varied. In the upper diagram of Fig. 7.4 (a), T,, =T so that a= 0.25. In 
the lower diagram of Fig. 7.4 (a), T,,, =; 7 so that a= 0.75. In Fig. 7.4 (b), Top is kept constant 
and T'is varied. In the upper diagram of this figure, T,,, = +T 80 that a =0.25 and in the lower 
diagram T,, =; T so that @ = 0.75. 


Frequency modulation scheme has some disadvantages as compared to pulse-width 
modulation scheme. These are as under : 
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Load voltage 






Fig. 7.4. Principle of frequency modulation. 
(a) on-time T,,, constant and (5) off-time T\,,- constant. 


(t) The chopping frequency has to be varied over a wide range for the control of output 
voltage in frequency modulation. Filter design for such wide frequency variation is, therefore, 
quite difficult. 

_ (tt) For the control of a, frequency variation would be wide. As such, there is a possibility 
of interference with signalling and telephone lines in frequency modulation scheme. 

(tu) The large off-time in frequency modulation scheme*may make the load current: 
discontinuous which is undesirable. 

It is seen from above that constant frequency (PWM) scheme is better than variable 
frequency scheme. PWM technique has, however, a limitation. In this technique, T., cannot 
be reduced to near zero for most of the commutation circuits used in choppers. As such, low 
range of o control is not possible in PWM. This can, however, be achieved by increasing the 
chopping period (or decreasing the copping frequency) of the chopper. 

7.3. STEP-UP CHOPPERS 

For the chopper configuration of Fig. 7.2 (a), average output voltage V, is less than the 
input voltage V, te. Vy < V, ; this configuration is therefore called step-down chopper. Average 
output voltage V, greater than input voltage V, can, however, be obtained by a chopper called 
step-up chopper. Fig. 7.5 (a) illustrates an elementary form of a step-up chopper, In this article, 
working principle of,a step-up chopper is presented. 
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@) 
Lp. disdt 3 1 to V; 
Fig. 7.5 a Seo chopper (b) L stores energy (¢) © eee =a , 
Fig. 7.5 (a) 5) : (d) current waveform. = ia AG Sent a) as shown 
In this chopper, a large inductor L in series with yng es aes ied shown in Fig. 7-5 

c 7 (a) When the chopper CH is on, the er hit ae CH is off as the inductor 
eae indnctor storés energy during 7,, period. When Pl TERT Tn the diode and 
ae st die down instantaneously, this current 18 force! A ol ity of the-emf induced 
current canno ; | Fig. 7.5 (c): As the current tends to decrease, P | the load, given by 
100 Or ae caeng shown in Fig. 7.5 (c). As a result, voltage atiue® Wo erie 7.5 (a) 
7 sts 3 + di/dn, extends the source voltage Vs In this et ee oad 

‘oS Vs ath Nae Mad the energy stored in L is released to Si = 
acts as a step-up chopper ee te load would increase from J, to J, as rane oa 

} ‘TT 4c on. current toro | Le wp , a 

.’ When CH = ee ee would fall from I, to J). With CH on, ae nee 5s 

Fi ] ii, © | gee a: = vp = at . 
ee ier When CH is off, KCL for Fig. 7.5 (c) gives Uz ~ VorNs os ee input to 
Oe crole L. Assuming linear variation of output current, Ene ene"? 
Uv, = Voltage acros tie a. | a 3 a 
inductor fom the source, during the period Tons 18 


W,,, = (voltage across L) (average current through Lyon! 


Leds TS) 
=V, i P| Pa 


‘tv inductor to the load is 
sine the time 7,4 when chopper is off, the enerey released by inductor 
During tne eS ge | 
(average current through L) Toi 
— (vo .cross L) (average current | 
Wor (voltage a I, ar - 74) 
: 


will be equal. i 
7 we (41 22 | op 
x Ton = (Vo- Ve) ree ee 
don! 


| , y — v7.5) 
or Vo= Vapor ne 
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It is seen from Eqn. (7.5) that aver | 

totes) “a f.0/ Lat average voltage across the Jo oe 
the duty cy hy aie S€ Voltage across the load can be stepped 1 s 
= ean cycle. If chopper of Fig. 7.5 (a) is always off, a= 0 and V.= nr eee 
alah a ieee sare In practice, chopper is turned on ar off so oh a 
obtained: : step-up average output voltage, more than source voltage, is 
aac he 7 a pa chopper can be employed for the regenerative braking of de 
Nefiars snes oN a uY, represents the motor armature voltage and V, the des anise 
manner sana ind back to the de source in case V,/(1- a) is more than V In this 
regenerative braking can be made tn occurs. Even at decreasing motor speeds, 
V./(1 — a) exceeds the fixed source voltage oe provided duty cycle « is so adjusted that 


-/Example 7.1 For the basic d 
eats oa an ee te de to de converter of Fig. 7.2 (¢ 7 Fisted . 
as functions of V,, R and duty cycle o in case ae wien a aang 
(a) Average output voltage and current 
(b) Output current at the instant of commutation 
(c) Average and rms freewheeling diode currenis 
(dq) Rms value of the output voltage 
(e) Rms and average thyristor currents 
() Effective input resistance of the chopper. 
Solution. The load voltage variation j<. : | 
| ise Variation is shown in Fic. 7.9 ( thon 
or load current waveform is similar to load voltage ea For a resistive load, output 


(a) Average output voltage, Vo = “on V,=a V. 
# 


T 
Average output current, I oat =! = Lon 3 V, =o vy 
oT Re OR 


(6) The output current is co; 
) t mmutated by the thyristor at the ; it f=" ; : 
output current at the instant of commutation is V,/R; | eke vai on eens 


(c) For a resistive load, freewheeling dj 
_ : 10ad, eeling diode FD does; RES e 
and rms values of freewheeling diode = ree = ee: come into play. Therefore, average 


| 1/2 
(Z2) Rms value of output voltage =| ; vi = Ver - V. 








(e) Average thyristor current = 20, Vs_. Ve 
T R R 
| 2-1/2 
Rms thyristor current | : Lf =i V, 
fle! Fp oR 
(f) Average source Current = average thyristor current =o - Y, 
Effective input resistance of the chopper 
_ __ de source voltage V,:-R R 
average source current a-.V. o 
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: 1 ¢ | ) if Fig. ' . ioltage = 230 V, load resistance 
Example 7.2. For type-A chopper of Fig. 7.2 (a), de source voltage : , | 
= 10 ©. Take a voltage re of 2 V across chopper when it is on. For a duty cycle of 0.4, calculate 
(a) average and rms values of output voltage and 
(b) chopper efficiency. | LL | | 
Solution. (a) When chopper is on, output voltage 1s (V, — 2) volts and during the time 
chopper is off, output voltage is zero. | 
(Ve-2)iDon on v9 
= as =a (V,— 4) 
= 0,4 (230 -— 2) =91.2V 
Rms value of output voltage, 


., Average output voltage 


T 1/2 

Vor=|(V,-2)?- | =Va(V,-2) 
= V0.4 (230 - 2)=144.2V 

(b) Power output or power delivered to load, 


Py= Vor | Ost2) — 2079.364 W. 








R 
. . | 30 x 212 = 2097.6 W 
Power input to chopper, ;= V,° Ip = 230 x 10 - : 
F Py 20793364. ... = 
Chopper efficiency = P, =~o0076 * 100 = 99.13%. 


J Example 7.3. A step-up chopper has input voltage of 220 V and output voltage of 660 . 
If the non-conducting time of thyristor-chopper is 100 Us, compute the pulse width of output 
voltage. , 

In case pulse width is halved for constant frequency operation, find the new output voltage. 
1 


Solution. From Ea. (7.5), 660 = 220 ee 
2 Ton 
or TOT 


Ty, = T and Top=T - Ton = 3 =", T= 100 ps (given) 
Tg = 300 ps and T,, = q* 300 = 200 ps. 


When pulse width is halved, T,, eS x 200 = 100 ps 


for constant frequency operation, T = 300 us ; Tyg = T -T,,, = 200 ps 


_ Fon _ 100 _1 
~ (880-43 
| jinn | 
:, New output voltage, Vp = 220 ray 3 330 V. 
a = 3 


7.4. TYPES OF CHOPPER CIRCUITS | | Bley A eek 
Power semiconductor devices used in chopper circuits are unidirectional devices ; 
polarities of output voltage Vp and the direction of output current I, are, therefore, restricted. 
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A chopper can, however, operate in any of the four quadrants by an appropriate arrangement 
of semiconductor devices. This characteristic of their operation in any of the four quadrants 
forms the basis of their classification as type-A chopper, type-B chopper etc. Some authors 
describe this chopper classification as class A, class B, ... in place of type-A, type-B .... 
respectively. 

In the chopper-circuit configurations drawn henceforth, the current directions and voltage 
polarities marked in the power circuit would be treated as positive. In case current directions 
and voltage polarities turn out to be opposite to those shown in the circuit, these currents 
and voltages must be treated as negative. 

In this section, the classification of various chopper configurations is discussed. 

7.4.1. First-quadrant, or Type-A, Chopper 

This type of chopper is shown in Fig. 7.6 (a). It is observed that chopper circuit of Fig. 
7.2 (a) is also type-A chopper. In Fig. 7.6 (a), when chopper CH1 is on, vg = V, and current 
i) flows in the arrow direction shown. When CH1 is off , vy = 0 but ¢) in the load continues 
flowing in the same direction through freewheeling diode FD, Fig. 7.2 (6). It is thus seen that 
average values of both load voltage and current, 7.e. Vp and i, are always positive : this fact 
is shown by the hatched area in the first quadrant of Vo = if plane in Fig. 7.6 (6). 


aor 


LV, 
CH1 





(a) | (b) 
Fig. 7.6. First-quadrant, or type-A chopper. 

The power flow in type-A chopper is always from source to load. This chopper is also 
called step-down chopper as average output voltage V) is always less than the input dc voltage 
we 

7.4.2. Second-quadrant, or Type-B, Chopper 


Power circuit for this type of chopper is shown in Fig. 7.7 (a). Note that load must contain 
a de source E, like a battery (or a de motor) in this chopper. 





(a) : (6) 
Fig. 7.7. Second-quadrant, or type-B, chopper. 
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When CH2 is on, vp =0 but load voltage E drives current through L and CH2. Inductance 
| . | ai , 

L stores energy during T,,, (= on period) of CH2. When CH2 is off, ae it exceeds 
source voltage V,. As a result, diode D2 is forward biased and begins conduction, thus allowing 
power to flow to the source. Chopper CH2 may be on or off, current J, flows out of the load, 
current i, is therefore treated as negative. Since V, is always positive and J, is negative, 
power flow is always from load to source. As load voltage V) =| E +L Zi is more than source 
voltage V,, type-B chopper is also called step-up chopper. 

Both type-A and type-B chopper configurations have a common negative terminal between 
their input and output circuits. 

7.4.3. Two-quadrant type-A chopper, or Type-C Chopper 

This type of chopper is obtained by connecting type-A and type-B choppers in parallel as 
shown in Fig. 7.8 (a), The output voltage V, is always positive because of the presence of 
freewheeling diode FD across the load. When-chopper CH2 is op, or freewheeling diode FD 
conducts, output voltage vy =0 and in case chopper CH1 is on or diode D2 conducts, output 
voltage vu, = V,. The load current iy can, however, reverse its direction. Current ty flows in the 
arrow direction marked in Fig. 7.8 (a), i.e. load current is positive when CH1 is on or FD 
conducts. Load current is negative if CH2 is on or D2 conducts. In other words, CH1 and FD 
operate together as type-A chopper in first quadrant. Likewise, CH2 and D2 operate together 
as type-B chopper in second quadrant. 





If 
hey = = V 
+ pile Oo 
coil) | pe 
Lt L 
V. . | ae ee N 
cee eel. a ale 
|= ay il " . Vo 


ta b 
Fig 78. Two-quadrant type-A chopper, or type-C aiveve 

Average load voltage is always positive but average load current may be positive or 
negative as explained above, Therefore, power flow may be from source to load (first-quadrant 
operation) or from load to source (second-quadrant operation). Choppers CH1 and CH2 should 
not be on simultaneously as this would lead to a direct short circuit on the supply lines. This 
type of chopper configuration is used for motoring and regenerative braking of de motors. 
The operating region of this type of chopper is shown in Fig. 7.8 (b) by hatched area in first 
and second quadrants. 

7.4.4. Two-quadrant Type-B Chopper, or Type-D Chopper 

The power circuit diagram for two-quadrant type-B chopper, or type-D chopper, is shown 
in Fig. 7.9 (a). The output voltage v, = V, when both CH1 and CH2 are on and v, = - V, when 
both choppers are off but both diodes D1 and D2 conduct, Average output voltage V, is positive 
when choppers turn-on time T,, is more than their turn-off time T,, as shown in Fig. 7.9 (c). 
Average output voltage V, is negative when their T,,, < T,,, Fig. 7.9 (d). The direction of load 
current is always positive because choppers and diodes can conduct current only in the 
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direction of arrows shown in Fig. 7.9 (a). As V, is reversible, power flow is reversible. The 
operation of this type of chopper is shown by the hatched area in first and fourth quadrants 
in Fig. 7.9 (8). 





Fig. 79 (a) and (6) Two-quadrant type-B chopper, or type-D chopper 
(c) Vo is positive, T. > Dj and (d) Vo is negative, T,,, < Ty: 
7.4.5. Four-quadrant Chopper, or Type-E Chopper 
The power circuit diagram fora four-quadrant chopper is shown in Fig. 7.10 (a). It consists 
of four semiconductor switches CH1 to CH4 and four diodes D1 to D4 in antiparallel. Working 
of this chopper in the four quadrants is explained as under : 

First quadrant : For first-quadrant operation of Fig. 7.10 (a), CH4 is kept on, CH3 is 
kept off and CH1 is operated. With CH1, CH4 on, load voltage uv, = V, (source voltage) and 
load current 9 begins to flow. Here both uv, and ip are positive giving first quadrant operation. 
When CH 1 is turned off, positive current freewheels through CH4, D2. In this manner, both 


Vo, 2) can be controlled in the first quadrant. | 


_ Second quadrant : Here CH2 is operated and CH1, CH3 and CHé4 are kept off. With 
CH2 on, reverse (or negative) current flows through L, CH2, D4 and Z. inductance L stores 
energy during the time CH2 is on. When CH2 is turned off, current is fed back to source 
through diodes D1, D4. Note that here | F+L a is more than the source voltage V, As load 
voltage V, is positive and J, is negative, it is second quadrant operation of chopper. Also, 
power is fed back from load to source. 

Third quadrant : For third-quadrant operation of Fig. 7.10 (a), CH1 is kept off, CH2 is 
kept on and CH3 is operated. Polarity of load emf E must be reversed for this quadrant 
working. With CH3 on, load gets connected to source V, so that both up, i, are negative leading 
to third quadrant operation. When CHS is turned off, negative current freewheels through 
CH2, D4. In this manner, v, and iy can be controlled in the third quadrant. 

Fourth quadrant : Here CH4 ts operated and other devices are kept off. Load emf E 
must have its polarity reversed to that shown in Fig. 7.10 (a) for operation in the fourth 
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CH2 operated | : 
| H1 operated 
CH2-.D4 :L, stores | Bop 
CH2 - off: then D1-D4| CH: off ; then CH4-D2 
conduct . conduct 


_lo 





CH3-CH2 : on , 
GHS : off ; then CH2-D4 | CH4-D2 : L, stores energy 
CH3 sas CH4 ; off; then D2, D3 


—Vo 1 conduct 
(a) (b) GH4 operated 
Fig. 7.10. Four-qudrant, or Type-E chopper 
(a) circuit diagram and (6) operation of conducting devices. 

quadrant. With CH4 on, positive current flows through CH4, D2, L and B. Inductance L stores 
energy during the time CH4 is on. When CH4 is turned off, current is fed back to source 
through diodes D2, D3. Here load voltage is negative, but load current is positive leading to 
the chopper operation in the fourth quadrant. Also power is fed back from load to source. 

The devices conducting in the four quadrants are indicated in Fig. 7.10 (6). 

Example 7.4. Show that for a basic dc to de converter, the critical inductance of the filter 
circuit is given by 

S Vo Ve e* Vo) 
_ VP 

where Vy, V,, Py) and f are load voltage, source voltage, load power and chopping frequency 
respectively. us 

Solution. The critical inductance L is that value of inductance for which the output 
current falls to zero at t= during the turn-off period of the chopper. A typical waveform of 
output current, with critical inductance in the load circuit, is shown in Fig. $02 (0). lf current 
variation, from zero to J,,, during T,,, and from I,,, to zero during Ty, 18 assumed linear, then 
average value of output current J, is given by 





1 | + 
Ig: T= 5 Tine Ton + 5 Ame Poff 


1 | 1 . 
=F Tins (Ton + Top) = 3 7m ’, 


or I,,, = 21) = maximum value of chopper current at f= T.,,. It is seen from Fig. 7.11 (a) that 
when chopper CH is on, 







CH 


ages 


Lo 


= : b) 
(a) { 
. 1. Pertaining to Exampje,(o4 | ee 
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. I 
Vorb =v, or Vo+h == | 





di Cae 
_ 215 
or L T= V,-— Vo 
ee , ov (EJ 
- 21, 
But average value of output voltage V)=/T,, V, and output, or load, power Py = Vo Jo, 
This gives - 
Ton Yo and I, == 
on iV, 0 Vy 
Substituting these values of T,,, and J, in Eq (1), we get 
L= (V. . ~ Vo) Yo Vi 
~~ weary ih, 


7.5. STEADY STATE TIME-DOMAIN ANALYSIS OF TYPE-A CHOPPER 

For the type-A chopper of Fig. 7.6 (a) with RLE load, the waveforms for gate signal Lys 
load current i, and load voltage uv, are as shown in Fig. 7.12 (a) for continuous conduction 
and, in Fig. 7.12 (6) for discontinuous conduction. In Fig. 7.12 (6), periodic time T' is more 
than that in Fig. 7.12 (a). The determination of load current expression is useful for knowing 
(i) the current profile over periodic time T, (ii) the current ripple and (zt) whether the current 
is continuous or discontinuous. The object of this article is to study the type-A chopper with 
RLE load for current variation over 7, current ripple and also for the Fourier analysis of 
output voltage. 

For RLE type load, E is the load voltage which may be a de motor or a battery. When 
CH1 is on in Fig. 7.6 (a), the equivalent circuit is as shown in Fig. 7.12 (c). For this mode of 
operation, the differential equation governing its performance is 


_piap tear (7.6) 
V,=Rit+tL +k | 
for Osis, 
When CH1 is off, the load current continues flowing through the freewheeling diode and 
the equivalent circuit is as shown in Fig. 7.12 (d). For this circuit, the differential equation 
is 
O=RitL E+E ATT 
dt 

for Tas 
Solution of Eqs. (7.6) and (7.7) may be obtained by the use of Laplace transform. It is 
seen from Fig. 7.12 (a) that initial value of current is J,,,, for Eq. (7.6) and J,,, for Eq, (7.7). 
Therefore, Laplace transform of Eqs. (7.6) and (7.7) is 








V.-E ae 
RI(s) + L{sIis) —I,,,]) = =r: AT.8) 
and | Fi(s) + L[sI(s) —I,,,] -# wlT.9) 
V,-2£ L-1 V.-E I 
ry ig. (7. fi ee ee 4 fe mia 
From Eq. (7.8), (s) (R+L,)  R+L, Lo+F) F 2 
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(5) 


(a) (b) Discontinuous load current. 


Fig. 7.12. Type-A chopper (a) continuous load current and 










| i 


| 
zs 
t 
 fet=T 


(e) 
Fig. 7.12 (e) Pertaining to f’. 
Laplace inverse of the above expression is 
= R 
.Vvi=— =F _R 
Gio 1-e )+Inne L' (7.10) 


for Osets T,,.. 
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Similarly, the time-domain expression for current from Eq. (7.9) is 


R R 
if’) = Fi -e''), in gates ts l) 
for Tl. 4tsih 
where ¢’ =¢ — T,,,,, see Fig. 7.12 (e), so that when 
f=T,,, t=0 
and for t=fT, i=T - Lee = Lop 


The variation of current i(¢) from J,,,, tol,,, for 0<t¢<T,,, can be plotted from Eq. (7.10) 
and that of z(t’) from J,,. to J,, se tetas Eq. (7. 11). 


In Eq. (7.10), at t=T,,,, (t) =I py 
Si ae ele Inn @ vo0(7e + A712) 
In Eq. (7.11), at ¢ = nee f-T,,; Ht) =] 
E. Oe Oe 73 AL 
Inn=—(1-e (r Fae | ee (7.13) 
1D FF 
here =— 
where I, 2 
Eqs. (7.12) and (7.13) can be solved for J,,, andJ,,,, as under : 
From Eq. (7.12), I... =z (1-e e~ Tan/T) ay 5 (1- e~ Tan! Ty Bt Ina® e- Ta/Te 
Substitution of J,,,, from Eq. (7.13) in the above expression gives 
=T,,/T, —— £ -T,,/T, 2 -T,,/T, 
m= (1 e )-F +=e Rp? , 
# 


+e Ota) /T e” T n)'T ro eT - F pera en son’ T 


= ents «)-—(l-e +I.xe r, 
WO) Bert tan 


weil 
or | Ime (1-e°?)= Vea er Fut.) E (or?) 
" Vip ae T/T] oF 
or Lng = eee R (7.14) 


Substitution of I, from Eq. (7.14) in (7.18) ude 


225 — oP -TyVT, Vel lee! op pie E ary 
Im =~ R* E [2] a= Re OP Tag T 
aks 1 — a Ten’Ts e Saf t= E 
~ RI 1 oh, ert, ~R 


y,, -Weten1]_ 
Rie T/T -1| R atC#.15) 
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In case CH1 conducts continuously, then T,, = 7 and from Eqs. (7 14) and (7.15). 
es (7.16) 
The maximum J. and minimum I,,,, values of load current can be obtained from Eqs. 
(7.14) and (7.15) respectively for given V., R, a, T,, and E. 
For those who are not familiar with Laplace-transform technique, the following method 
may be adopted for solving Eqs. (7.6) and (7.7). 
Eq. (7.6) can be re-written as 


Ritb e=V. -E 


dt 
(R+Lp)i=V,-£ nie) 
d 
where a, 
The solution of Eq. (i) consists of two parts, complementary function and the particular 
integeral. 


Complementary Function : It is obtained from force-free equation (R+Lp):=0. Its 
solution is of the type 


i=Ae™, 


al = 


Here p is the root of the auxiliary equation R+Lp=0 and this root is p=—->- 


ak, 
lop. = Ae 
Particular aeerad It is obtained from Eq. (i) by putting p = 0. 
Ri=V,-£ 
V,-E 
FR 
Therefore, the complete solution of Eq. (7.6) is 





OF tp = 


L=lpy; tice 


V,-E - 
=F + Ae 


Constant A can be obtained from the initial condition. It is seen from Fig. 7.12 (a) that 
at t= 0, the initial current during T,, is t=/,,, 


=: -E, 
: a 
5 a - ba Tn ry 
This agrees with the solution in Eq. ae Solution of Eq. (7.7) can also be obtained 
similarly as in Eq. (7.11). 


t 


is | a 








Or A= |Z mn 








ibs 


(7.10) 





t= 


D F .EasyEng1 ing. 
e WikiEngineering aad roe ala as a aie 


Downloaded From : www.EasyEngineering.net 
Choppers [Art. 7.5] 263 


7.5.1. Steady State Ripple 
It is seen from Fig. 7.12 (e) that current pulsates between J, and J,,,. The ripple current 
(Lax —4mn) can be obtained from oa (7,14) and (7.15) as follows : 


qe att ae a 


oe MD 





The ripple current given by Eq. (7.17) is seen to be independent of load counter emf E. 
With T,,, =a T and T — T,,, =(1-«) T, Eq. (7.17), can be written as 
= e tTrT, 1 et -a) T/T, 
Line tan = R 1- en | | 
P it le current 8 ea 
er unit ripp = et = 





7,18) 





For a=0.5 and T/T, =5, p.u. ripple current 1.0 
=0.848. For a=0.5andT7/T7,=25, pu ripple 
current = 1. In this manner, the variation of pu 
ripple current_as a function of duty cycle 
ao and ratio T/T, can be plotted as shown in Fig. 
7.13. Its value is maximum when a=0.5. As L 
increases, T,, (= LR) increases and T/T, reduces 
and pu ripple current decreases, Fig. 7.13. 

The peak to peak ripple currenthas maximum “ 
value AI, when duty cycle «= 0.5 in Eq. (7.18). & 


Putting asx for convenience, A/,,. from Eq. 


(7.18) j 0 0.29 0.5 075 # £«#10 
10) 18 


Duty cycle @—= 
yieqe one See Vee Soe = zn | Fig. 7.13. Per unit ripple current as a 


function of a and 7'/T,,. 
— 0.52 - 0.5% 
(l-e J(l-e ~) 
(ass e*) (1- ae 


ioe 75 V. 


B 
I! 


| ae Ome = tanh 4 x 


| B/S ls 
ct sl aaee f 


E 


TT 
aT. 


and T,, = 


ll 


1 
‘ 
“hi! by 


But 
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Al 


mt 


l 
FS x 


ah 
a 
In case 4fL > 7R, then tanh += - Under this condition, maximum value of ripple 


4fL 


és 


current 1s 
Vs i 


urrent is inversely proportional to chopping 





gS IS 
c a 


Tiny = 


This shows that maximum value of Ponte 
frequency and the circuit inductance. 


Example 7.5. In the continuous conduction mode of type-A chopper, show that per untt 
ripple in the load current is maximum when duty cycle ts equal to 0.5. 

Solution. Eq. (7.18) can be used to prove that ripple in the output current, or per-unit 
ripple in load current is maximum when the duty cycle is equal to 0.5. 

Therefore, from Eq. (7.18), ripple current Al is 





...(i) 
Also per-unit ripple in load current is 
Al : _(l-e e MrT, pa, yt fray (ii) 


For obtaining the values of duty cycle for Se cae the ripple in current is maximum, 
differentiate Eq. (f) or (i) with respect to a and equate to zero. 


g(a | (1—e7 7/70 f og tl/T P a (1-a)T/T, at J 





V/R 7 
Te _ ten, TP Pea in anne ery 
or —— 0g oiy/T) A -e (1 a)r/T, —~ 0 
cl ch 
or oe" =o =A (l-a)T/T; 
yt a =(1—a) oe 


Ps 
a=(l-—q@) or a= 5 = 0.5. 


This shows that for duty cycle equal to 0.5, ripple in load current is maximum. 

7.5.2. Limit of Continuous Conduction 

In a chopper, if T,,, 1s reduced, I, increases for a constant chopping period T. At some 
low value of T,,,, the value of Tis large and the current 1 may fall to zero. Since the current 


in type-A ohoneey cannot reverse, it stays at zero. The limit of continuous conduction is 
reached when J,,,, in Eq. (7.15) goes to zero. The value of duty cycle « at the limit of continuous 


conduction is obtained by equating J, in Eq. (7.15) to zero. Therefore, 


Viet 7e—-1| EF _ 
Ian = wee orale 
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or ay 4 
Or ep of = 


or oC = 


For given E, V,,T andT, ; if duty cycle is o 
ce’ as piven by Eq. (7.19), then the current is just Ss 
continuous. If actual duty cycle is less than or ~ No chopper . 
as given here, the load current would be = SRerauan = =0~ 
discontinuous. For some value of T,/T, say 1, 979 
value of co’ is calculated for various values of m T 
from 0 to 1. For example, for m = 0.5, 

o’ = 1In [1 + 0.5 (e* - 1)] = 0.6201. 

For other values of m, o’ is computed and | 
plotted as curve OAB in Fig. 7.14 with T,/T as 9.25| 
one parameter. For this value of T.,/7T\ = 1.0), the ' 
OABCO represents continuous conduction S 
region and the other area OABDO as the region Be i . ate lee af 
of discontinuous conduction. In Fig. 7.14, for Sek . : 
~S ig neha ne pont a oi HAA OF Fig. 7.14. Limit of continuous conduction 
continuous conduction with of = 0.6201. For for typek chopper. 
these values of m(=0.5) and (T,/T(=1), if | 
actual duty cycle o is equal to 0.7 (say) , then this point would lie in the region OABCO ; this 
value of « would therefore give continuous conduction for the load current. Straight line 
OB corresponds to T/T =0. Actually, the chopper operation for the area between (Fig. 7.14) 


(i) the straight line OB and BOD is not possible as T.,/T can never be less than zero, 







t 0.505 wenn ee ceene nen ny 


(ii) the straight line OB and curve OAB represents discontinuous current mode for 


ey 
O<—<1., 


T 
| Tae 
(iii) curve OAB and OCB represents continuous current mode for > 1. 


In case actual duty cycle & is equal to 0.6 (say), then as this point would lie in the region 
between the curve OAB and straight line OB, the load current would be discontinuous. Curves 
like OAB can also be drawn for other values of T,/T. One such curve for T/T =5 is shown 
in Fig. 7.14. For this value of T,./T =5, load current is discontinuous for an operating point 
between straight line OB and curve marked (T,/T)=5 ; load current is continuous for an 
operating point between the curve marked (T,/T)=5 and OCB. 


7.5.3, Computation of Extinction Time ft, 

The expressions for load current obtained in Eqs. (7.10) to (7.16) apply only when load 
current is continuous. For T,,,, < ¢ < T, the load current may become discontinuous due to large 
T. The time ¢,, called extinction time and measured from the instant ¢f = 0, Fig. 7.12 (b), can 
be calculated as under : 
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, 1) shor 'y be used 
As t. is within the time limits of 7,, </< T, Eqs. (7.11) = CIPO TS pee 
hae nk * Sa 8 1 in these equations should, ! , be : 

z nuiting t.. The value of I 7 needed in | mens | MiGicieenat WOH 
from Ba, (7.12) nus, in Eq, (7.12), In, =0 att =t,, Le, within T,, <¢ <7. This equation & 

To ee . Pe 


Im 88 
| = (7.20) 
ae = Me =( —-é T/T) 


| Se aa esata, t= ORS 
Substitution of this value of J, in Eq. (7.11) at f =#, Ton gives Uf") 


O=- 71 — ebm ToT i fiat cae T/T] oo te Tab 


Blt er te Po Melts Ta Me = (V,— EMA Te) 
or 
= E ( eo ta/™) 


This gives the extinction time f, as 


Vi-Ep, rn (7.21) 
1 aT Te Ts dre } 


; : ) hown in Fig. 7.11 (6) 
The average output voltage for the discontinuous current mode as shown In Fig 


is given by T 
T 1 Son . = d dt Edt 
Vo= Fo v9 at= FJ v,-dt+}y 0 +, 
hi 


ots Ponda -l= 





or 


Lr 
on 





+ z (TEs) 
|B vo 7.22) 
or Vy =a V,+ A - 78 volts. 


Loi alysis of Output Voltage 19 
7.5.4. Fourier Analysis of Ou ia wn in Fig. 7.12 (a). 
For continuous load current, the load voltage waveform Ug 15 4s ei " ets 

Thi voltage waveform is periodic in nature and is independent of load circuit paramet 

Voltage wave of Fig. 7.12 (a) can be resolved into Fourier series as 

: : 47,28) 
Un= Vo + >, Un 
n=1 


where v,, = value of nth harmonic voltage 


= 


é bon T OA) 
= - sin nt oO ‘sin (nm ot + =) ( 
nit 





| 1 _sin Zin O__ 
Vy = OV, a= T/T and 0, = tan 1 —cos 2mn & 
i. nor uty c} ao. The 
The average value of output voltage Vo can be controlled by varying aed siesta: 
mplitude of the harmonic voltages, i.e. 2 V,/nn sin nm a, depends on 7, e ie eee ao 
aaa also he duty cycle a, The maximum value of nth harmonic occur : 
sin nt o = 1 and its value is 


0 6366V AT.200) 


© Wiki Engineering Downloaded From : yee TSU ate me 


Downloaded From : www.EasyEngineering.net 


Choppers - | {[Art. 7.5] 267 


2V, 0.45V, 
mv2 





and its rms value is volts (7.256) 


The harmonic current in the load is given by 


where Z,, is the load impedance at harmonic frequency nf Hz and is given by 


Z,, = VR’ + (no) - 





Uy V; 
For negligible load resistance RF, t, = ah o i, * —; . This shows that harmonic current 
n* 


decreases as n, the order of harmonic, increases. Another term used for knowing the harmonic 
content of a waveform, without calculating its harmonic components, is the ac ripple voltage 
V,. It is defined as a 


V,= VV - Vo (7,26) 
In the above equation, V,,,, and V) are respectively the rms and average values of the 
output voltage. It is seen from Example 7.1 that 
Vo = Vo V, from part (d) 
and a aV, from part (a) 
= Va V*-o*V? =V, vo- on AT.27) 


eaoake factor, defined as the ratio of ac ripple voltage to average voltage is given by 


v, 
ripple factor = V, 


or Affe): oe = oe ooo (7.28) 


Example 7.6. (a) For an tdeal type-A in feeding RLE load, show that the average 
input (or thyristor) current is given by 


Ip ay= ans = on es eet 

(b) For the chopper of part (a), derive an expression for the average current in the 
freewheeling diode for a continuous load current. 

_(c) From parts (a) and (6), prove that average value of load current I,, ts given by 
Vo-£ 

a 

Solution. For type-A chopper, the output voltage waveform v, and the waveforms for 
load current ip, input (or thyristor) current i; and freewheeling diode current 1,;; are as shown 
in Fig. 7,15. 

(a) When chopper is on, the voltage equation for the chopper circuit of Fig. 7.6 (a) is 

dir 


Kip+L += V, 


dir 
or Rip dt+L—? dt =(V,-E) dt. 





Lav = re 
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Fig. 7.15. Pertaining to Example 7.6. 
; 
Its average value, Fig. 7.15, is 


1 (7 1 dir 4, _ Vs-#) (om 
R-Z |,” ip -dt+ a ee a= |," at 


R lpayt by L di, =(V,-E) ae 


Or R Ip ay + F Onx~ Inn) = (Ve B) & 
a(V.-E) | sh 


(b) When the freewheeling diode is conducting, load voltage is zero. The voltage equation, 
when FD is conducting, is given by 


24 eda etn 
Rig +L dt +h=0 


Its average value, Fig. 7.15, is 
: | T 7 
1 { dig - es 





we tat 
Tina T- 
Ip = b Enz ~ mn) Cn Jan) = 20-9) & ...(7.30) 
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(c) Average load current over a complete cycle can be obtained by adding I; ,y and I, from 
Eqs. (7.29) and (7.30) respectively. 


OV.-#) Lo Dos E (1—a) 
Loy = rtp RT (fay mux Linn) + om Lins ~ a 
_& V,-£ Vn E 
; R - This is the required result. 





Example 7.7. For type-A chopper, feeding on RLE 
load, obtain maximum value of average current rating Vv, 
for the thyristor in case load current remains constant. 
Solution. For constant load current J,, current “* 
waveform for thyristor current ip is as shown in Fig. 
7,16. Here 


V,-£ i 
pe 7 Ls; 
The average thyristor current Ip is given by t 














Po Veh 
. _aV,-E _ a V,-0F 
. Si * — R 


Fig. 7.16, Pertaining to Example 7.7 


This will give a maximum value when 





aly _ (20 V;, a 
da R 

and from this ae (7.32) 
Vv. is 


Therefore maximum value of average thyristor current is obtained by substituting the 

value of o from Eg. (7.32) in Eq. (7.31). 
E E* 
‘pm OV RR fa Nee -#)- 4V,R mS. 

Example 7.8. For type-A chopper circuit, source voltage V,=220V, chopping period 
T = 2000 pis, on-period = 600 is, circuit parameters : R=] 0, L=5 mH and E =24 V. 

(a) Find whether load current ts continuous or not. 

(b) Calculate the value of average output current. 

(c) Compute the maximum and minimum values of steady state output current. 

(d) Sketch the time variations of gate signal t,, load voltage vg, load current ig, thyristor 
current ir, freewheeling diode current i,, and voltage across thyristor up. 

(e) Find rms values of the first, second and third harmonics of the load current. 

(f) Compute the average value of supply current. 

(g) Compute input power, the power absorbed by the load counter emf and the seiner loss 
in the resistor. 

(h) Compute rms value of load current using the results of (b) and (g). 

_ () Using results of (e), find the rms value of load current. Compare the result with that 

obtained in part (h). 
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ans 
Solution. (a) T,= 3 = 2 =5 x 10°3 sec 
T, 5x10" _ 
T2000 x 10°6 
T E_ 24 
tia eT 599 7 9-14 
600° T,, 600. 
&= 9900 => 7 = 5000 ~ ore, 
From Eq. (7.19) ; of = 2.5 In [1+ 0.11 (e°* — 1)] = 0.18172 
As actual value of duty cycle «(= 0.3) is more than o’, load current is continuous. 
| _OV,-E 0.3x220-24 ,, 
rom Eq. (7 zh _220f 1%) = 18 eBLAG A 
(c) From Eq. (7.14), | T) ap TO 
ae 220) e°7-1!1 . eis 
From Eq. (7.15), Inn= 4 | 04 |7 24 = 33.031 A 
or =. 


(d) The various waveforms are sketched in Fig. 7.17. 


lg 


Kem.) SE beas 4.0  tinms 


Vo 
ed = 
I yoy aot ae y: 
| ae: 








“60.6 20 2.6 One t 


Fig. 7.17. Pertaining to Example 7.8. 
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(e) From Eq. (7.24), rms Ca of first harmonic voltage is 
Via so sin (mx 0.3) = a7 sin 54° = 80,121 V 


1 420° 











Here chopping frequency, f= == on00 7 500 Hz 
Z, = VR? + (@L)* = V1" + (2n x 500 x 5 x 107°)? = 15.739762 2 
VY, (80.121 a as 
‘2, 15.739762 — arene 
a's 2x 220 .. 1 
| 7 108° ent ee 
Similarly, In= Shae [sin ] 124 (On x500x2x5x10°) 
= 1.4983 A 
ee eeD eee ss 
13-3 Ng. x 8m 162) an x 1500 x5 x 10) 
= o2i64s, A 


(f) From Eq. (7.29), average supply current is 
Ipay = 23 220-24) _ 5x 10 (51.46 - 33.031) 
1 1x 2000 x 10° 
= 58.8 — 46.0725 =12.7275 A 

(zg) Input power = V, X average supply current 

= 220 x 12.7275 = 2800.05 watts 
Power absorbed by load emf = £ x average load current 

= 24 x 42 = 1008 watts 






Power loss in resistor R= 2800.05 — 1008 = 1792.05 W 
(A) Lins = Nig t +15 +23 

= 427 + 5.09087 + 1.49837 + 0.21643" = 42.31 A 
(1) Power loss in resistor = J*R = 1792.05 W 






\ eee = 49.333 A 

The results obtained in parts (h) and (z) are in complete agreement. 

Example 7.9. For type-A chopper, source voltage V,=220V, chopping frequency 
f=500 Hz, T,,=800 us, R=1Q,L=1 mH and E=72 V. 

(a) Find whether load current is continuous or not. 

(6) Calculate the values of average output voltage and average output current. 

(c) Compute the maximum and minimum values of steady state output current. 

(d) Sketch the time variations of gate signal i,, load current ig, load voltage vo, thyristor 
current Lp. freewheeling diode current Led and voltage across thyristor u>. 


solution. Here T= & 1x10 sec, 
bo 
i= = 500 = 2000 usec 
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T <5 Eee es tg] 

Rinne ene Oe ae 

qr = fT, = 500 x10 = 0.5, 7 = ap = 2, 
Bene toss 

m= v. = 590 ~ 0.327 

a= = f .T.,, = 500 x 800 x 10° = 0.4, 

aoe 

T. 0.8 


(a) From Eq. (7.19), 

o’ = 0.5 In [1+ 0.327 (e * — 1)) = 0.564 
As ao is less than o’, load current is 

discontinuous 

(6) From Eq. (7.21), 

t_=800x 10°+1x 10" 

220 —'72 he, 
inf SP ae 5] 
= 1.55703 x 10° sec 


From Eq. (7.22), | es 
. |1—1.55703 x 10° 
Vo =0.4 x 220+ S| 72 


= 103.95 volts. 


103.75 —72 — orar s 
[p= = 81.95 A 





(c) As the load current is discontinuous, 
I .n = 0. The maximum value of current from Eq. Fig. 7.18. Pertaining to Example 7.9. 
(7.20) is 


L «= 20-7 (1-e°*)=81.5A 


(dq) The time variations of various waveforms are sketched in Fig. 7.18. 


Example 7.10. An RLE load is operating in a chopper circuit from a 500-volts dc source. 
For the load, L = 0.06 H and R =0. For a duty cycle of 0.2, find the chopping frequency to limit 
the amplitude of load current excursion to 10 A. 

Solution. The average output, or load, voltage is given by 

Vy, = av, | 

As the average value of voltage drop across L is zero, 

E=V,=aV, = 0.2 x 500 = 100 Volts. 

During T,,,, the difference in source voitage V, and load emf E, i.e, (V, —#) appears across — 
inductance L as shown in Fig. 7.19. 

-. During T,,,, volt-time area applied to inductance 


= (500 — 100) T,,, = 400 T,,, Volt—sec 
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(a) 


Fig. 7.19. Pertaining to Example 7.10. 
Also, during T.,,, the current through L rises from I,,,,, to J,,.. From this, volt-time area 


ont 


across L during this current change is given by 
Pe +r. di . to. we | ae 
J, vy, -dt='|, pH ate), L-di=Upx— Inn) =L Al 


These two volt-time areas during T,,, must be equal. 
4007, =L- Al 
0.06 x 10 
400 


Thus, chopping frequency, f= a = qT. = ae = 133.33 Hz. 

Example 7.11. A series motor used for a rapid transit system is fed through adc REET 
The series motor has total circuit resistance of 2 2 and inductance of 2 mH. What externa 
inductance should be inserted in series with the armature circuit in order to lumit the per - 
ripple in armature current to 10% for a duty cycle ratio of 0.5, The chopping frequency ts 
kHz. 

Solution. From Eq. (7.18), per unit ripple in current is given by 

Tne—Imn [A —eo (1 - ei a 
V,/R -| 1-e°7% 


| 10 a Ana a = 
Let a=, Here a=0.5 and pu ripple = F007 Od Substitution of these in the above 


a 
expression gives 


or Ton = = 1.5 msec 





=(.i C Ca —O fx 7! - 0.4x, Pa Je. °= ‘ 
(i-e °Sy1-e"™) _(-e 7 y Lace ; 


1.1 = Sy on OBE 4 4 om OST) , 
O.1 1-e x (l-e \1+e ) l+e 


or 0.1=—— wherey=e 
or ja, as 

to 200 8g Sanon ee a 134 
or é Soqg eeeee or x T, 0.40 
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pie tS be 
2” 0.40184 0.40134/ 
at f= 1000 Hz 


T ES 
a” 9.40134 x 1000 


ae 
eS L=RT,= 9 40134 x 1000 
Therefore, external inductance that should be inserted for keeping the pu ripple within 
limits 


= 4.983 mH 


= 4,983 - 2=2.983 mH. 

7.6. THYRISTOR CHOPPER CIRCUITS 

So far a chopper has been shown as a switch inside a dotted rectangle. Actually, a ope 
consists of main power semiconductor device together with their turn-on and Rial 
mechanisms. In low-power chopper circuits ; power transistors, GTOs etc. are being ee 
widely. In high-power levels, however, thyristors are in common use. The object of this section 
is to study the thyristor chopper circuits along with their commutation circuitry. , 

The process of opening, or turning-off, a conducting thyristor is called rae a 
de choppers, it is essential to provide a separate commutation circuitry to See ae . 
main power SCR. It may be recalled that a conducting thyristor can be turned off by re —_ 
its anode current below holding current value and then applying a reverse voltage ACTORS Te 
device to enable it to regain its forward blocking capability. There are several ae : 
turning-off of a thyristor. All these methods differ from one another in the manner in W be 
commutation is achieved. In dc choppers, commutation circuitry has passed throug 
numerous innovations. All these commutation circuits can, however, be broadly classified into 
two groups a8 under : , | 

(a) Forced Commutation. In forced commutation, external elements L and C “ia . 
not carry the load current continuously, are used to turn-off a conducting thyristor. Force 
commutation can be achieved in the following two ways ; | 

(t) Voltage commutation. In this scheme, a conducting thyristor is a 
application of a pulse of large reverse voltage, This reverse voltage is ae le y 
switching a previously charged capacitor! The sudden application of reverse vo tage ies 
the conducting thyristor reduces the anode current to zero rapidly. Then the presente e 
reverse voltage across the SCR aids in the completion of its turn-off process (.e. aids in gaining 
the forward blocking capability of SCR). 


i) Cw on ‘i 1 this sc n external pulse of current greater than 

(ii) Current Commutation, In this scheme, an external p irrent g) 
the load current is passed in the reversed direction through the conducting SCR. When the 
current pulse attains a value equal to the load current, net pulse current through thyristor 
becomes zero and the device is turned off. The current pulse is usually generated by an 
initially charged capacitor. | | F 

An important feature of current commutation is the connection of a diode in antiparallel 
with the main thyristor so that voltage drop across the diode reverse biases the main SCR. 
Since this voltage drop is of the order of 1 volt, the commutation time in current commutation 
ig more as compared to that in voltage commutation. 

In both voltage and current commutation schemes, commutation is initiated by gating an 
auxiliary SCR. 
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(b) Load Commutation. In load commutation, a conducting thyristor is turned off when 
load current flowing through a thyristor either 

(i) becomes zero due to the nature of load circuit parameters or 

(ii) is transferred to another device from the conducting thyristor. 

Only three commutation principles listed above are described in what follows though 
there are numerous other commutation schemes. Chopper circuits with type-A configuration 
are only studied in this section. For understanding the performance of voltage and current 
commutated chopper circuits, Example 7.12 should be studied carefully. 


Example 7.12. In the circuit shown in Fig. 7.20 (a), capacitor C ts initially charged to a 
voltage V,. If the switch S is closed at t= 0, obtain an expression for current i (t). Sketch time 
variation of voltage across capacitor and inductor and of the current 1 ({). Indicate also the 
flow of energy handled by L and C. 


In case L =1.6 mH and C = 4uF, find the time for which current t (t) flows in the circuit 
of Fig. 7.20 (a). 


Solution. When the switch S is closed, KVL for the circuit is 
MEE Ets Mol era sete 
LEO ,= | it dt=0 


Its Laplace transform is sLI(s)+ yi - os) =; 





Ve= 
, 1 7 4 
Energy (CCV, 0 =CVo 
TOW eT os + mis 0 
(a) (b) o 


Fig. 7.20 (a) Circuit for Example 7.12 and (5) time variations of i(t), v, and uy 
Here negative sign before CV,/s is used because current i (t) leaves the positive terminal 
of C and enter its negative terminal when switch S is closed. | 


Hee WO Nie aie TEE cies, 

ET s?+1/LC L 1/NLC {[s*+(1/NLC)’] © 

5A SAW Oy eee nee | 
av I(s)=— -L a a where = Tro 
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oe  _ 





Its Laplace inverse gives i(f)= = sin Gi) ¢ 7.33) 
Now =k fiac=h- 4 J sin opt a 

=— oe COS Wt =— Vp COS Wot (7,34) 
Here ao, EC=1 
Also vp =L a) =D: = (COS Wot) - Wp = Vp COS Wok i735) 


The time variation of i(t), v, and v, obtained from Eqs. (7.33) to (7.35) is shown in Fig, 
7.20 (b). When i(t) = 1, v. =v, = 0. When i (¢t) becomes zero at Wt =f, further conduction stops 
because diode can’t conduct in the reversed direction. Therefore, at f=, capacitor is 
charged to a voltage V, but with reversed polarity. | 

When switch S is closed, voltage across L at once becomes V,, its value is zero at 
wt = 1/2 and — V, at Mt =m. As current i (ft) reduces to zero at @,t=7, v; finally reduces to 
zero as shown. 

The flow of energy in C and L is also shown in Fig. 7.20 (6). At wot = 0, capacitor has 
stored energy equal to W, = CV2, at wt = 1/2, W.=0 and at wy = 1, W, =5 CV; again. The 
flow of energy in L is also indicated in Fig. 7.20 (6). 

7.6.1. Voltage-Commutated Chopper 

One of the earliest chopper circuits which has been in wide use is the voltage-commutated 
chopper. This chopper is generally used in high-power circuits where load fluctuation is not 
very large. This chopper is also known as parallel-capacitor turn-off chopper, 
impulse-commutated chopper or classical chopper. Fig. 7.21 gives the power circuit diagram 
for this type of chopper. In this diagram, thyristor T1 is the m ain power switch. Commutation 
circuitry for this chopper is made up of an auxiliary thyristor TA, capacitor C, diode D and 
inductor L. FD is the freewheeling diode connected across the RLE type load. 

Working of this chopper can start only if 
the capacitor C is charged with polarities as 
marked in Fig. 7.21. This can be achieved in 
one of the two ways as under : 

(i) Close switch S so that capacitor gets { 
charged to voltage V, through source 
V,,C, S and charging resistor Rp. Switch 5 
is then opened. 

(ii) Auxiliary thyristor TAis triggered so 
that C gets charged through source V,,C,TA V, 


a) 


PP 


—— = = a a = — cc a 


a 
‘/ 
ee 
3 
oe RF rhe ead 
a | 
La 





and the load. The charging current through Le 
capacitor C decays and as it reaches zero, of aif c 
v.=V,and TA is turned off. - aie) 

> ee 


With capacitor C charged with the | — 
polarities as shown in Fig. 7.21,the chopper © —_ ~ San ae 
circuit is ready for operation. ‘The current Fig. 7.21. Voltage-commutated chopper. 
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bey Uy; Lid and zy) are taken as positive in the arrow directions marked. Similarly, the voltages 
U,, Up}, Upg and vy across C, T1, TA and load are taken as positive with the polarities marked. 

Simplifying assumptions for this chopper are (z) load current is constant and (ii) thyristors 
and diodes are ideal elements. The chopper operation, for convenience, is divided into certain 
modes and is explained as under : 

Mode I. The main thyristor is triggered at t=O and RLE load-gets connected across 
source V, so that load voltage v, = V,. During this mode, there are two current paths as shown 
m Fig. 7.22 (a). Load current J, constitute one path and commutation current i, the other 
path. Load current J, flows through source V,, main thyristor T1 and load whereas the current 
i, flows through the oscillatory circuit formed by C,T,,Z and D. The capacitor (or 
commutation) current first rises from zero to a maximum value when voltage across C is zero 
at f=,/2. As 1, decreases to zero, capacitor is charged to voltage (— V,) as shown at t=¢, in 
Fig. 7.23, see Example 7.12. The capacitor current changes sinusoidally whereas the capacitor 
voltage cosinusoidally from t= 0 tot =t,. This voltage is held constant at (—V,) by diode D. 
Voltage across TA is (— V,) at t=0, zero at ¢,/2 and V, at ¢,, this variation is shown as cosine 
wave in Fig. 7.23, The thyristor current ip, has a peak at ¢,/2, because ip, =i. +J, between 
t=Qandt=2;. At the end of mode J, Le. at t); ic =0, tq =Iq, v2 =— Vy, Ury = Ve, Vp = V; a8 
shown in Fig, 7.23. 

Mode II. The conditions existing at as continue during mode IJ. In other words, for 
t) St <ty,t,=0, tg =[p, v, = Vy, Ups = Ves Ug = Vi.) ip = 0 as shown. Note that during this mode, 
only main SCR T1 is conducting. 

Mode III. When main thyristor T1 is to be turned off, auxiliary thyristor TA is triggered 
at the desired instant f,. With the turning on of TA at ty, capacitor voltage (— V,) appears 
across T1, it is therefore reverse biased and turned off. As the capacitor voltage does the 


E 





(c) Mode III, tf st<t, (6) Mode IV, tgst<T 
Fig. 7.22. Different modes of voltage-commutated chopper. 
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required job of commutating the main thyristor T1, it 1s called voltage commutated chopper. 
Current i;, becomes zero at tf, After T1 is turned off, capacitor C and auxiliary SCR TA 
provided the path for load current J, through V,, C, TA and the load, see Fig. 7.22 (c). The 
load voltage is the sum of source voltage and the voltage across capacitor. Therefore, at instant 
f., load voltage is v7» = V,+V,=2V, and it decreases linearly as the voltage across capacitor 
decreases. During this mode, v,=v7,, because capacitor is directly connected across T; 
through TA. As the capacitor discharges through the load, v, andu;, change from (— V,) to 
zero at (t)+t,). Load voltage vg changes from 2V, at ft, to V, at (t)+1,). After 
(tf) +t,), vu. and vq, start rising from zero towards V, whereas vy starts falling towards zero. 
For mode III, t,<¢<t,. Note that v, andv7, change linearly from (—V,) at t, to V, at ts, 
because load current J, is assumed constant. Similarly vg changes linearly from 2V, att, to 
zero at ft. 

Mode IV. For this mode, ts st < T. At ty, 0, =U, = V,, Uo = 0, i, or iz, becomes zero and TA 
is therefore turned off naturally. As capacitor is slightly overcharged at fz, freewheeling diode 
FD gets forward biased. The load current after ¢, freewheels through the load and FD, see 
Fig. 7.22 (d). Note that during freewheeling period from f, to T, vy, is slightly negative as 
C is somewhat overcharged. During this mode, i, =0, ip, =0, ig=Jo, Ur: = Vy, Up = Vs + AV, 
Ung =— AV, vy = 0, igy = 0. 

At t=T, the main thyristor T1 is triggered and the cycle as described from t=0 tot=T 
repeats. 

Voltage commutated chopper is simple, it has therefore been used extensively. It, however, 
sufiers from the following disadvantages. 

(i) A starting circuit is required. 

(ii) Load voltage at once rises to 2V, at the instant commutation of main SCR is initiated. 
Freewheeling diode is therefore subjected to twice the supply voltage. 

(ii) It can’t work at no load. It is because at no load, capacitor would not get charged 


from — V, to V, when auxiliary SCR is triggered for commutating the main SCR. 


- Design Considerations. The values of commutating components Cand can be 


obtained as under : 


Commutating Capacitor C, Its value depends upon the turn-off time t, of the main 
thyristor T1. During the time t,, capacitor voltage changes linearly from (— V,) to zero, mode 
Ill, Fig. 7.23. It is known that 


GU 
L=C at 
For a constant load current J,, the above relation can be written as 
Y, — t-Iy 
I .= C ne or C= AE 


The commutation circuit turn-off time ¢, must be greater than the thyristor turn-off time 
t,. Let t,=t, + At. 





*In the Ss i = Cldv/ dt), if i is constant, C is already constant, then dv/dit must be constant. 
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‘Model; Mode I 


0 ty ts ta T 

TI D TI TA FO 

on oft oft off off 
and 1 and TA and FO T1 on 

on on on and ODO on 


Fig. 7.23. Current and voltage waveforms for voltage-commutated chopper. | 
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a fat Ad (7.36) 


V, 

Commutating inductor L. It can be designed from a consideration of the oscillatory 
current established when main thyristor T1 is turned-on. The current 1,, when T1 is triggered, 
flows through the ringing circuit formed by C, T1, L, D and is given by 

5 


| 1 
l= ae sin W ot where Wo= Te . 








Vite ai [c 

The peak capacitor current I[,, = AL =V. NT 
This current flows through T1 when it is turned-on. As T1 handles load current as well 
as [.,,, peak capacitor current should not be too large. It is usual to take J, less than, or equal 


to, load current Jo, t.e. " 
dtl x08 
I,2Ig or V, 7 Sho 


2 
or L>|~!| c 7.37) 
Lo 
The second method of designing the value of L is from a consideration of the circuit 
turn-off time for auxiliary thyristor TA. It is seen from time-variation of vp, in Fig. 7.23 that 


turn-off time for TA is ¢t,, and it is given by 





ty 
bel Pie 
But Wot) =m or t= 7 = mLC 
ta=% VLC (7.38) 
ce nen te : 
or z-(7 & 7.39) 


Peak current through T1 is given by 


imp =Ip+V,-\F .AT.40) 


Peak voltage across Tl and TA is up, =U74,=+ V, 
Peak current through TA 1s tr4, = A =I, (7.42) 
Peak voltage across freewheeling diode, 
Utip = 2 V, (7.49) 
Peak diode current, inn = Vs - .AT.44) 
= peak capacitor current. 


Important features of voltage-commutated chopper. (1) Fig. 7.23 reveals that load 
voltage is V, from ¢ = 0 to ¢, and it varies from 2V, at f, to zero at f;. Therefore average load 
voltage V, is given by 
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07 i 
| : n- o V.. Le. total change 
During the interval (t3 — ¢2) the voltage across C changes from — V, to V;, 4-2 
is 2 V,. 8 
= SS : or t, -—t3=—j 
3 oh ) ‘ 7.45) 
Vs 2V; 5|_ ‘er ‘ val TAS 
Vo= T Don h aT; | T ore 
2V's ( ffective on period ..(7.45a) 
Ton = Ton * C= effective on | 
where 


rf ) 
q v this cho -< more than the period Ton and 
Eq. (7.45) shows that effective on period of this chopper 1s et p . 


| oo rage load voltage 

, the load -. the effective on period. AS average 

‘ , ndent, Greater the load, less 18 the * 7 is chopper. 

v eA ae ah I,, drooping load characteristics are obtained for Cue SEP 
| 0 18 Gdep mies a ' 





fr 4,_V wv T1 is turned on 
| (Gi) Charge on capacitor must be reversed from + V,to-V, when v 
Therefore minimum on-period for this chopper 18 
| Tt 
‘,=—=T ILC 
| ae (7.460) 
es VLC hes 
Minimm duty cycle, a nf 
v 2V,° at. 
Se , lta oe VY, =n et oF 
Minimum load voltage, Oumn — Amn | ae 
= V, (Chan + 2ft,) = V5 [nf (LC + 2ft.| (7.A6b 
Voma> f- Me lt, + at.) | | 
Maximum on period is (7 - 2t.). This gives maximum value of duty gest 
aximuti Ma 
| T = 2te _ 4 - 2ft,) ATAT 
Ome ap A= Alte 
Maximum load or output voltage Vomx iS given by 
‘ V gg VF EV, Les +P 
l) Substituting the value of On, gives 
Voma= Ve (1— 2fte + 2fte =V, 3 - 6 
; A ie triggered, C is completely aiscnarE® 
F * Set ale 1 to turn off when TA 1s triggered, sige ae wee 
iy ey ve, nes be resumed in the next we and therefore control. 
he commutation, © i aa: , a ae: 
cata be regained by turning off T1 by interrupting STEEP? 
' Rae al Joad. 
1 bam ‘-onit cannot be operated at no loa ae 
| (iv) The circu tated chopper feeds power to a battery-power electric ¢| 
Example 7.13. A voltage-com : 


Saree -off time is 20 ps) 
: sass -< 60 A and thyristor turn-off 3 
he battery voltag is 60 V, starting current is : | ating induce 
C bas the aati ok the commutating capacitor C and the commutanng 
alculate tI i ? : 
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Solution. Let circuit turn-off time ¢, =t, + At = 20+ 20 = 40 us for reliable turn-off of T1 
and TA. In Eqs. (7.36) and (7.37), J) is the maximum load current that the commutation 
circuitry must be able to commutate. 

40 x 60 x 10° 


“, From Eq. (7.36), C= ae re = 40 uF 


x2 
From Eq. (7.37), Le (50) x 40x 10°%=40 WH 


From Eq. (7,39), (oe 

: r 40 x 10° 

As per Eq. (7.37), value of L should be equal to, or more than 40 H, but Eq. (7.39) gives 

L = 16,21 WH. Low value of L increases the peak value of capacitor current, see Eq. (7.44). So 
higher value of L = 40 nH should be chosen. 


Example 7.14. A voltage commutated chopper 
is shown in Fig. 7.24. With the main thyristor T1 
conducting, the capacitor C is charged to a source 
voltage V, with the polarities as marked. 


2 
p= [2xdoxt0") Yt eae 


Now, after the auxiliary thyristor TA is turned 
on, the main SCR remains reverse biased for 100 
microseconds. Calculate the value of the 
commutating component C. 

Find also the value of commutating component 
I in case maximum permissible current through | 
the main SCR ts Fig. 7.24. Pertaining to Example 7.14. 





(a) 2.5 times the load current and 

(b) 1.5 times the peak diode current. | 

_ Solution. When auxiliary SCR TA is turned on, capacitor voltage V, at once appears 
across main thyristor TJ and it is therefore turned off. After it, the load current completes 

' its path through source V,, C, TA and the load. The voltage equation for this circuit is 


é 1 , 
iR+ 4 | idt= V, or Rad C =V, (LE) 
Laplace transform of above equation aa 

Rls Q(s) + CV,] + = As) = 


After TA is turned on, capacitor bee aids ds current or capacitor C begins to 
discharge. Therefore the above equation in s domain becomes 


ee | Vv, 
Rls Q(s) +CV,] + = Os) Sa But Q(s)=C- V.(s) 
V 
Rls - CV, (s) + CV,] + V,(s) =e or V.(s)[RsC + 1] = =~ = RCV, 


or V(s) = 
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Partial fraction expansion of the first term of above expression gives 








seen 1 ViwaeKs Vi Me 2M 

PS [ars ae ee 

ERO ee a RC 
Its Laplace inverse is u,(#)=V, [1-2 ep ~ 
When TAs tumedon, vu. =U. =V, (L-ve (7.48) 


Eq. (i) given above can also be solved as under : 
Eq. (i) can be re-written as 


1 _ a 
(Rp + :| =V, where p= 7, 
PI. Its particular integral is obtained from = 9 =e 
gpy.=CV; | 
, } Ly" 
C.F. Its complemntary function is obtained from Rp + <|9 =, 


Jor = Ae” 
i 


1 
—=(. This gives p =-7p 
c 


where p is obtained from Rp + OR 

a‘ ten PAE Gc t/RC 

‘Therefore, q(t) = Qpi.+ Vor. = CVs + Ae - ae 

At t=0,q=—CV,. Here minus sign is used before CV, ; it is because charging current 
leaves the positive terminal of C and enters its negative terminal. 

Be =CV,=CV,+A or A=-2CV, 

-t/RC 
This gives q(t) =CV, — 2CV,e ee 
= Ove fi — alt/Rey (7,48) 
When V7, reduces to zero after 100 psec, thyristor T1 is turned off. Thus from Eq. (7.48), 
Um =0=V, [l-2e oe 


100% 10- 





= a 1 pr ies i 
or e we «= 5 OF C = 14.427 pF 
V, 
(a) Here load current, Ip = R 


Maximum permissible current through the main SCR, from Eq. (7.40) is 


} 
OTE We Wao SM er ee 
imp =p t+ Vs L =2.5— or V, iT, = 1.5 R 


| fod ‘EP | 
or: L = OR® = 5 (14.427(10)" = 641.2 nH 


(b) Peak diode current, from Eq. (7.44), 18 
c 
L 


& 
let. VA 2 he 
1.5 V, 1 le sinp= t+ V, VE 


inp = y* 
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or 


or 





reel Fab gs 
2s VER 
_ CR’ _14.427x 10°° x 100 _ 360, 68 ul. 


4 4 
Example 7.15. A voltage-commutated chopper has the following parameters : 
V, =220 V, load circuit parameters =0.5 Q, 2 mH, 40 V 
Commutation circuit parameters : 
L=20 pH, and C=50 uF 

Tn = 800 usec, T = 2000 ps. 
For a constant load current of 80 A, compute the following : 
(a) Effective on period. 
(b) Peak currents through main thyristor TI and auxiliary thyristor TA. 
(c) Turn-off times for TI and TA. 
(d) Total commutation interval. 
(e) Capacitor voltage 150 us after TA ts triggered. 
() Time needed to recharge the capacitor to voltage V,,. 


Solution. (a) From Eq. (7.45), effective-on period 


2x 290 





Tans 800 x 10° * + 30 x 50 x 10 1075 us. 
(6) From Eq. (7.40), ip,, = 80+ 220 2 = 497.85 A 


Since load ctrrent is given as constant at 80 A, peak current through TA is 80 A. 
(c) From Eq. (7.36), turn-off time for T1 is 


Turn-off time for thyristor TA, from Eq. (7.38), is 
t= ILC = 5 V20x 50 50 x 107° 


= 49.673 is 
(dq) Total commutation interval 
=2t,=2x 137.5=275 ps 


(e) Capacitor voltage before TA is triggered is equal to (-V,). After TA is triggered, 


capacitor begins to charge from (- V,). Therefore, capacitor voltage, after TA is triggered, is 
given by 


T,,-t 
U =a =V, 


where ¢ = time measured from the instant TA is triggered 


© Wiki Engineering 


, 80x 150x 10" 
eR e107 
=?30V. 


— 220 
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(f) Time needed to recharge the capacitor from (- V.) to V, is given by 
(Total change in voltage) (Capacitance) « 
Load current 
_W,-CV)IC 2V,-C 2220«50 .._ 
= > ial fnemwile tacit ceaeat’ wa Ls. 
0 0 


Example 7.16. An impulse-commutated chopper feeds inductive load requiring a constant 
current of 260 A. The source voltage is 220 V de and the chopping frequency is 400 Hz. Turn-off 
time for main thrystor is 18 us. Peak current through main thyristor is limited to 1.8 times 
the constant load current. Taking a factor of safety 2 for the main thyristor, calculate the values 
of (a) commutating components C and L and (b) the minimum and maximum output voltage. 


Solution. (a) Load current J,=260 A, V, = 220 V. 
For a factor of safety 2, the commutation circuit turn-off time for main thyristor 
f.=2x* 18 =36 is. 


36 x 10° x 260 
220 
Peak current through main thyristor, from Eq. (7.40), is 


L8lp=Iy+V, WE or 220° =0.8x 1, 


2 i 
220) 1.2 Se —.An Fon it 
‘=| 8 x 960 | 42.545 = 47.596 wH. 


(6) From Eq. (7.46a), minimum value of duty cycle is 
Onn = Tf VLC =n x 400 V¥42.545 x 47.596 x 10°° =0.0565 
Minimum value of output voltage, from Eq. (7.465), is 
Vomn = Vs (Qunn + 2ft,) 
= 220 (0.0565 + 2 x 400 x 36 x 10° *) = 18.766 V 
Maximum value of output voltage is V,,.. = 220 V. 


From Eq. (7.36), C= = 42.545 pF 





7.6.2. Current-Commutated Chopper 
The power-circuit diagram for current-commutated chopper is shown in Fig. 7.25. In this 
diagram, Tl is the main thyristor. The other DI 
components, namely, auxiliary thyristor TA, lal 
capacitor C, inductor L, diodes D1 and D2? constitute 
commutation circuitry. FD isthe freewheeling diode ,, 
and A, is the charging resistor. + 


Simplifying assumptions for the chopper are as 
follows : 


(t) Load current is constant. 
(ft) SCRs and diodes are ideal switches. 
(iit) Charging resistor R, is so large that it can 





be treated as open circuit during the commutation 
interval. 

Fig. 7.25. Current-commutated chopper. 
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Currents i,, iz}, i;, and t, are treated as positive when these are in the arrow directions 
marked. Similarly, voltages v,, v7, U74 and vp are taken as positive with the polarities as 
marked in Fig. 7.25. 

Like voltage-commutated chopper, energy for current-commutation comes from the 
energy stored in a capacitor. Therefore, first of all, capacitor C is charged to a voltage V, 80 
that energy for commutation process is available. Capacitor C in Fig. 7.25 is charged through 
source V,, capacitor C and the charging resistor FR, to a voltage V,. After this, main thyristor 
Tl is fired at ¢=0 so that load voltage vy) = V, and load current f) =J5 as shown in Fig. 7.27 
up to f=¢,. With the turning on of T1, commutation circuitry remains inactive. Initiation of 
commutation process begins with the turning-on of thyristor TA. The commutation process’ 
for its easy grasp is divided into various modes as follows : 

Mode I, At time ¢ =¢,, auxiliary thyristor TA is triggered to commutate main thyristor 
Tl. With the turning-on of TA, an oscillatory current 1, = at sin @>f [Eq. (7.33)] 1s set up in 
the circuit consisting of C, TA and LZ as shown in Fig. 7.26 (a), For the time interval 
(t) —t,), i, and v, vary sinusoidally through half cycle, Fig. 7.27, During this mode when v, is 
zero, i, is maximum though negative. At ¢, as i, tends to reverse in the auxiliary thyristor 
TA, it gets naturally commutated. At to, v.=— V, as shown in Fig. 7.277; t.e. in Fig. 7.25, lower 
plate is positive and upper plate is negative. During this mode Tl remains uneffected, 
therefore load current and load voltage remain J, and V, respectively. 

Mode II. As TA is turned off at f,, oscillatory current 1, begins to flow through C, L, D2 
and T1 as shown in Fig. 7.26 (6). Note that after t,, i, would flow through T1 and not through 
D1. It is because D1 is reverse biased by a small voltage drop across conducting thyristor Tl. 
So after ¢,, i, would pass through T1 and not through D1, 

In thyristor T1, i, is in opposition to load current 1, 80 that ty, =I], —-1,. Note that ty, is in 
the forward direction through T1. At ty, i, rises to J) so that ip, = 0 ; as a result main SCR Tl 
is turned off at t,. Since the oscillatory current through Tl turns it off, it is called 
current-commutated chopper. 

During this mode, load voltage remains V, through T1. For this mode, f, <f <7. 

Mode III. As T1 is turned off at t,,i, becomes more than J). After ¢;,i, supplies load 
current J, and the excess current ip, =1, —J, is conducted through diode D1 as shown in Fig. 
7.26 (c) and 7.27. The voltage drop in D1 due to (i,-J,) keeps Tl reverse biased for 
(t, —t,) =t, ; this is shown in the waveform for v7, Att,, in case v, exceeds V,, FD comes into 
conduction, otherwise mode IV would follow. During mode III, when 7, is at its peak value of 
fs “ar u.= 0. After this peak, capacitor voltage reverses and at ty, upper plate 1s positive 
and lower plate is negative in Fig. 7.25. 

Mode IV. At t,, 7, reduces to J), as a result ip, =0 and diode D1 is therefore turned off. 
After t,, a constant current equal to J, flows through source V,, C, L, D2 and load and therefore 
capacitor C is charged linearly to source voltage V, at t;, Fig. 7.26 (d). So during the time 
(tf. = fa), Es = Iq. 

As D1 is turned off at t,, v, = U7, ; this is shown as ab in Fig. 7.27 for both v, and v7,. Now 
the load voltage v,»=V.—v.=V,-—voltageab att,. This is also marked in the waveform for 
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(c) Mode ITI, ts <t <ty (d2) Mode IV, ty <t<t, (e) Mode V, ts <t <i, 
Fig. 7.26. Various modes of current-commutated chopper. 
Up at f, At ¢; v.=V,, therefore load voltage v,=V,-—V,=0att, During the interval 
(¢5 —f4), U, increases linearly, therefore load voltage vg decreases to zero linearly during this 
interval. 

Mode V. At f,, capacitor C is actually overcharged to a voltage somewhat. more than 
source voltage V,. Therefore, FD gets forward biased and starts to conduct load current Ig at 
ts. Load voltage vp is reduced to zero at t; as stated in mode IV. As i, is not zero at t., the 
capacitor C is still connected to load through source V,, C, L and D2: asa consequence C is 
overcharged by the transfer of energy from L to C. At ¢,,i,=0 and vu. becomes more than 
‘source voltage V, During (t, — ts), i, + ig; =I. With the build up of iq, t. decays and finally at 
ts, t,=0 and i,;=J). Commutation process is completed at t, Total turn-off time, or 
commutation interval, is (¢, —¢)). | 

At tg, v, is shown as equal to xy. As D2 is turned off at t,, v, = vy, = voltage xy at fg, Fig. 
qe. 

From ¢, onwards, i, freewheels through FD. As i, is zero and D2 is open circuited ; C now 
discharges through R, for the freewheeling interval of the chopper. After t,, up, remains 
constant at V,, because V, reaches T1 terminals through FD. At t=7, the main SCR T1 is 
again triggered and the cycle repeats. 
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Total turn-off time 


las 
| ee be ‘ 
ty totz 1. t, ts le 
| [alb- (90-64) 


pe 





t=0 ty te ty t, te tg 
TA TAT), (D1) FD FD off 
be on off off off on D2 Ti on 
D? DI off 
on on 


current-commutated chopper. 


Fic. 7.27, Current and voltage waveforms for | 2 
e Japan, is widely used in traction cars. 


This chopper, developed by Hitachi Electric Co., 
The merits of this chopper are as under : 

(i) Commutation is reliable so long as the load current 
current I, | 

(ii) Capacitor is always charged with the correct polarity. 


is less than the peak commutating 
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(iii) Auxiliary thyristor TA is naturally commutated as its commutating current passes 
through zero value in the ringing circuit formed by L and C. 

Design considerations. The value of the commutating components L and C should be 
so calculated that a reliable commutation is realized for this chopper. The conditions 


governing the design of L and C are as under : 

(i) The peak commutating current J,, must be more than the maximum possible load 
current Jj. This is essential for reliable ‘commutation of main SCR. From Eq. (7.33), the 
oscillating current in the commutation circuit is given by 


i= V, ve z sin Wot =I, SIN Wo t 


As per the design requirement, 


lp =V, VE > Io 
or V, VE =x ...(7.49) 


where x is greater than 1 and it varies from 1.4 to 3, i.e. 1.4 <x <3.J) is the maximum possible 
load current that the commutating circuit has to handle. 


if 
(ii) Circuit turn-off time ¢, must be greater than thyristor turn-off time for the main SER.. 
That is ¢, =t, + At. It is seen from the current waveform 1, in Fig. 7.27 that 


t,=ty — ts 
or Mot.=m-—2 4, 
Also I, sin 0, =I 


I nal 1. 
2 Sip SOP Sef 
or 6, = sin | sin a 


*. Circuit turn-off time for main SCR, 
Lb. hw 
t, = a ( —26,) (7.50 a) 


| Ig . 
t= > E -2sin" Fal w(7,50 6) 
(hy ep | 


The above relation reveals that as load current J, increases, turn-off time of main thyristor 
decreases. Thus for ensuring necessary turn-off time ¢,, a certain value of ratio ([/J,,,) must 
be maintained. From above, 

t,.=(n-—2 sin : (1/x) NLC al bok) 
Fee eee 
[n-2 sin! (1/x)]VL 
Substitution of this value of VC in Eq. (7.49) gives 
V, E 


Wi, = ee 
L (n-2sin*(1/xs) 


Or 
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| Vit 
or LL =——_+*+—_—_ (7.52) 
x J) (tn -2 sin * (1/x)] 
| | Levi PT5s. 
From Eq. (7.51), Ip oe [x -2 sin‘ (1/x)] VC 
Substituting this value of VL in the Eq. (7.49) gives 
V 
x Ig=—* [n—2 sin’ (1/x)] C 
c 
_ | x Ip ‘ ft. - 
V,[n -2 sin™ (1/x)] 


Total commutation interval. The total turn-off time, or the commutation interval, is 
(ts —#,), Fig. 7.27. It can be expressed as a sum of the following components : 


The above four time-components of (f, —t,) can be obtained as under : 


or wil 1.3) 


(fg -#,): During (¢, —t,), waveform of current i, , oscillating at frequency ®,, completes 
one negative half cycle of x radians, Fig. 7.27, 
(fo —f) = time period of half—cycle of oscillating current 


Tt | : 
= < =nvLC. vail 7.54) 


_ (fg -—#,): For (t,-1t,), sine current waveform of i, is examined. At f,,i,=0 and at oe 
= d Vee ~ ae E 
attains a value I, after passing through its peak, Fig. 7.27. Angle covered by i, from f, to ¢, 
is equal to (x — 0,) radians and as @) 18 the angular frequency for l., (t4 — to) is given by 
m-—6 | 
(t4-t) = * =(n-6,) VLC (7.55) 
- — €,): The time (¢; —¢,) can be obtained from voltage considerations across C at t, and 
a ts. 





| Voltage across C at t,=ab=v, at t, As this voltage at the instant ft, 1s (90 ~6,) away 
from zero crossing of the sine wave, ab = V, sin (90 -6,). 


Voltage across C at t, = V, 
“. Increase in voltage across C during (ts -f4) = V, — V, sin (90 — @,) 
du 





We know that i=C ae As J, is constant, 
Lok Vo- V, sin (90 —-9@,) 
(tf — £4) 
1-—sin (90-6 l — co; 
‘ ty=ty <cv, EHOW _ oy, 120884 An 
‘0 0 " 


(tg — #5, : During (¢, —¢;), current i, is assumed to be I) cos Wot. As (t,-t;) is equal to one 
quarter cycle (n/2 rad.) of a sine wave, | : 


-1 4% _f 55 
(t6 ™ ts) + , (Oy =o LC (1.57) 
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Addition of Eqs. (7,54) to (7.57) fives 
(4, — f,) = total commutation interval 





g.net 


( \ _l- d 
= F = a VLC +CY. aa ...(7.58a) 
| 0 
2] : 
; ? -0, EC +2cv, 2 «(758 ) 
0 


Turn-off times. For main SCR, turn-off time from Eq. (7.51) is 

| ) =[n-2sin™ (1/x)] VLC. 

Turn-off time for auxiliary thyristor, from Eq. (7.55), is 

ty — to =t,, =(m—0,) VLC = [n- sin (1/x)] VLC 

Peak capacitor voltage. Waveform of v, in Fig. 7.27 reveals that maximum capacitor 
voltage xy is reached at t, 

i. Voltage at ts=V_, = voltage at t; + voltage rise due to the energy transferred from L to 

| At t;, energy in L is + LI and at t,, this entire energy is transferred to C. Thus the voltage 

rise of C due to this transfer of energy is 


or Vo = To Ve 
ee 


The values of J,,, and V,, are also the peak ratings of the thyristors Tl and TA. 

The value of charging resistor ®, is usually taken such that the periodic time T > 3Ck.. 
yy Example #17. (a) For a current commutated chopper, peak commutating current ts twice 
th maximum possible load current. The source voltage is 230 V de and main SCR turn-off 
time is 30 . sec. For a maximum load current of 200 A, caleulate 

(2) the values of the commutating inductor and capacitor, 

(ti) maximum capacitor voltage and 

(tit) the peak commutating current. 
ee epeat part (a), in case peak commutating current is thrice the maximum possible load 

Compare the results obtained in parts (a) and (5). 





wiht oo) 





Solution. (a) Here ea t, = 30 psec 
| t= t, +At. 
Taking At = 30 llsec, t, = (30 + 30) usec = 60 usec 
(i) From Eq, (7.52), L=——280x60x10° 
| 2x 200 In-2 sin * (3) Sau 


Ce 2x 200 x 60x 107° 


| — = 49,822 uw 


From Eq. (7.53), 
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(zt). From Eq. (7.59), peak capacitor voltage is 


16.473... 
49.892 7 345 volts. 












Vien = 230 + 200 


(1141) Peak commutating current, 
Lop = % 19 =2 x 200 = 400 A. 

(5) (t) Here x= 3, 

___ 280x 60x 10° 

. 8x 200 [n-2sin™! 9) 

_ 3 200 x 60 x 10°° 

230 [n - 2 sin” * (2)] 
(2) Peak capacitor voltage, 


= 9.342 WH 


= 63.577 uF 






9.342. 
63.577 








Vip = 230 + 200 7 = 306.67 V. 


(tit) Peak commutating current, 
I. = 3 x 200 = 600 A. 

It is seen from above that with the increase of x, L is reduced while C is increased, peak 
capacitor voltage is reduced but peak commutating current is increased. 

ixample 7.18. A current commutated chopper is fed from a dc source of 230 V. Its 
commutating components are L = 20H and C=50 uF. If load current of 200 A is assumed 
constant during the commutation process, then compute the following : 

(a) Turn-off time of main thyristor. 

(6) Total commutation interval. 

(ec) Turn-off time of auxiliary thyristor. 

Solution. (a) Peak commutating current from Eq. (7.49) is 


Ip =V, VE = 230° J2° = 363.66 A 


I, 363.66 | 
a ee 


Turn-off time of main SCR, from Eg. (7.51), is 
t,=[n-2 sin *(1/1.8183)] * 


, ee 200 
) 6, = sin i] sin {56a a 39 365 


Total commutation interval, from Eq. (7.58), is 


5x 33.365xt = 6 1 — cos 33.365° 
F — a | V1000 x 10 AS 10° ° x 230 Sa 


= 299.95 x 10°°+9.477x10 °= 239.427 usec. 
(c) Turn-off time of auxilary thyristor, from Eq. (7.55), is 


r- eed | 1000 x 107° = 80,931 usec. 





= 62.52 Lsec 





180 
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7.6.3, Load-Commutated Chopper 

A load-commutated chopper is shown in Fig. 7.28. It consists of four thyristors Tl — T4 
and one commutating capacitor C. The thyristors Tl, T2 act together as one pair and 
thyristors T3, T4 act together as the second pair for conducting the load current alternately. 
When T1, T2 are conducting, these act as main thyristors and T3, T4 and C_as the 
commutating components. Likewise, with the conduction of T3, T4 ; these become main 
thyristors and T1, T2 and C as the commutating components. FD is the freewheeling diode 
across the load. 


Male 3 T3 | 
aie 
—— ’ G v : ——, | 
4. 2 is : | * ye 
or Te. fd, 
Ve Ts T2 FOR vv, |A 
| 0 1B! 
1 — = 


Fig. 7.28. Load commutated chopper. 

Initially, the capacitor 1s charged to a voltage V, with upper plate negative and lower 
plate positive as shown in Fig. 7.28. Assumptions made in current-commutated chopper also 
apply here. The working of this chopper can be explained in various modes as under : 

Mode I. With the capacitor C charged with lower plate positive, the load commutated 
chopper is ready for operation. When thyristor pair T1, T2 is triggered at t=0, circuit 
consisting of V,, T1, C, T2 and load shows that load voltage at once shoots to 
Up = V,+v,=2 V,. Load current now flows from source to load as shown in Fig, 7:29 (a). 

The capacitor C is charged linearly by constant_load current J, from V, at t= 0 to (- V.) 
at 7}. When the capacitor voltage becomes (—V,), the load voltage falls from 2 V, to 
Up =V,-—V,=O0ate#,. Att=0, when T1, T2 are turned on, T3, T4 are reverse biased by capacitor 
voltage, i.e. at f= 0, vpy =U, =— V,. At ty, Ups = Uqy = V,, Le. T3, T4 are forward biased at ¢,. 

Mode II. At ¢,, capacitor C is slightly overcharged, as a result freewheeling diode gets 
forward biased and load current is transferred from T1, T2 to FD, From f¢, onwards, load 
current freewheels through FD, Fig. 7.29 (6). During (ft, -—¢)), u,=— V,, U9 = 0, 4, = 0, ig =p, 
py = lq =0, Ug =U, = V, and up, = U7. =— AV, as capacitor is overcharged by a small voltage 
AY,. 

Mode III, At ¢,, thyristor pair T3, T4 is triggered, load voltage at once becomes 
Up =V,+u,=2 V,. Thyristor pair Tl, T2 is reverse biased by u,, this pair is therefore turned 
off at tj The load current, now flowing through V,, T4, C, T3 and load charges capacitor 
linearly from (— V,) at ¢, to V, at ¢,, Fig. 7.29 (c). Load voltage accordingly falls from 2 V, at 
fo to zero at t, During (t,—¢t5) 5 t, =— Ih, tpg = by =p but vp, =U =— V, at t. and V, at t, ; 
Le, thyristor pair T1, T2 gets forward biased at fy. 

At f,, capacitor C is somewhat overcharged, FD gets forward biased and therefore after 
tz, load current freewheels through FD and load. This is not shown in Fig, 7.29. 


When T1, T2 are turned on at t,, mode I repeats. 
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Ti 13 z 
cu 
C Vv = 
+ Io “= )* + |tlo 
Ve Th re. Yo 
Al 
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(c) Mode III, tp <t<t, 
Fig. 7.29. Different operating modes of load-commutated chopper. 
Design of commutating capacitance. For constant load current Ij, capacitor voltage 
changes from — V, to V, in time T,,,, i.e. total change in voltage is 2 V, in time T.,. 




















2 V, 
et 
: tn 
oe, ee ons 
0 (Fit a oN | 
r C 2V. ...(7.60) 
Output voltage, 5 (2 Vo ee Vere (7.61) 
r * é ; 2 ve ® 
Substitution of T.. = 7 2s average output voltage as 
0 
2CV, 2-V?.C 
Gace eee ee (7.62) 
0 0 
Minimum chopping period, T,,,, =T, 
. Maximum chopping ere 
1 a 
i, 
el as aon 
From Eq. (7.60), C= a gan (7.63) 
GV tier se 


It is seen from the waveform of vp, vz) vz; and v,, that circuit turn-off time for each 
thyristor is 





etek Det ee aenton Vg 
f= 5 Don = 3 C — Teeewilat. (7.64) 
Total commutation interval =e : ae 
0 
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A load-commutated chopper has the following merits and demerits. 
Merits ; (1) It is capable of commutating any amount of load current. 
(1) No commutating inductor is required that is normally costly, bulky and noisy. 


(zt) As it can work at high frequencies in the order of kHz, filtering requirements are 
minimal, 


Demerits : (i) Peak load voltage is equal _ to twice the supply voltage. This peak can 
however be reduced by filtering. 

(it) For high-power applications, efficiency may become low because of higher switching 
losses at high operating frequencies. 

(iii) Freewheeling diode is subjected to twice the supply voltage. 

(tv) The commutating capacitor has to carry full load current at a frequency of half the 
chopping frequency. 


(v) One pair of SCRs should be turned on only when the other pair is commutated. This 
can be done by sensing the capacitor current that is alternating. 





Modes KI —-~ I—+- I = 


Fig. 7.30. Voltage and current waveforms for a load-commutated chopper. 
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7.7. MULTIPHASE CHOPPERS 

A multiphase chopper is one that consists of two or more choppers connected in parallel. 
The two-chopper configuration shown in Fig, 7.31 is called a two-phase chopper. Similarly, 
three choppers connected in parallel will constitute a 3-phase chopper. | 


A multiphase chopper may be operated in two 
modes, viz. in-phase operation mode and the 
phase-shifted operation mode. In the in-phase 
operation mode, all the parallel connected choppers 
are on and off at the same instant. In the 
phase-shifted operation mode, different choppers 
are on and off at different instants of time, 

In the two-phase chopper configuration shown 
= Fig. 7.31, inductance L in series with each 6- = 
chopper is assumed to be sufficiently large in that | 
each chopper operates mdeneudane of at other. Cit-Bh Tyre ues shopper. 

Let the load current be J, and ripple free. For a duty cycle of a= 30%, Fig. 7.32 (a) shows the 
in-phase operation of this chopper when both the choppers are on and off at the same instant. 








(a) CD) 
Fig. 7.32. Input current waveforms for duty cycle o = 0.30 for 
(a) in-phase operation and (b) phase-shifted operation, 





©. d) 
Fig. 7.32, Current waveform for phase-shifted operation for 
(c) @= 0.50 and (2) a=0.60. 
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The input current i, obtained by the addition of i, and ig, is seen to be doubled as shown. The 
in-phase operation of multiphase chopper is equivalent to a single-chopper operation. 

Fig. 7.32 (6) shows the phase shifted operation for «= 30%. Chopper CH1 is on for 0.3 T 
from ¢= 0, Chopper CH2 is made on such that input current obtained from i, +i 18 periodic 
in nature. Acomparison of Figs. 7.32 (a) and (6) reveals that for phase-shifted operation, the 
frequency of input current is doubled and its ripple current amplitude (proportional to 
Imax —imin) 18 halved as compared to the inphase-operation of chopper. In the in-phase 
operating mode, Fig. 7.32 (a) shows that frequency of harmonics in the input current is equal 
to the switching frequency ( = 1/T) of each chopper. But in phase-shifted operating mode, Fig. 
7,32 (6) shows that frequency of harmonics in the input current is twice the switching 
frequency (=1/T) of each chopper. As the frequency of harmonics in the input current is 
twice the switching frequency, the size of filter is reduced in the phase-shifted chopper. This 
shows that phase-shifted operation of multiphase choppers is usually preferred. 

For «=50%, the input supply current of phase-shifted operation is continuous and 
without any ripples, Fig. 7.32 (c). For «=60%, the supply current is continuous but with a 
pedestal of half the load current, Fig. 7,32 (d). 

A multiphase chopper is used where large load current is required, The main advantage 
of this chopper over a single chopper is that its input current has reduced ripple amplitude 
and increased ripple frequency. As a consequence of it, size of filter for a multiphase chopper 
» 18 reduced. | 

The disadvantages of a multiphase chopper are (i) extra commutation circuits (ii) 
additional external inductors and (iit) complexity in the control logic. 

_ Example 7.19. A type-A chopper operating at 2 kHz from a 100 V.de source has a load 
time constant of 6 ms and load resistance of 109. Find the mean load current and the 
magnitude of current ripple for a mean load voltage of 50 V. Also, calculate the minimum and 
maximum values of load current. 


Solution. Load time constant fe =6x10°"s; Load resistance, R=10Q9 





it 
.. Load inductance, L=6x10°*x10=60 mH 
: 1 1 | 
Choppin eriod Co=|S , =() 5m 
pping period, TF ?~ 2000 x 1000 = 0.5 ms 
Average, or mean, load voltage, V,;=a V, 
| Vo 50 . 
.. Duty cycle, St = ‘ 
WEY OS te = 400) ae 


I, = 0.5 x 0.5=0,25 ms ; Log = 0.25 ms. 
4s chopping period T’= 0.5 ms is much less than the load time constant = 6 ms, the current 
variation from minimum current J, to maximum current J,, Fig. 7.5 (d), must be taken as 
linear. Thus, during T.,, period, 





V, = Vo =i re 
| ~ AV — Vo) Ton Vol ¥, 
or, 1,=1,=—_, —* =; 9 T 3 
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Voli | Vol 7 
L asd eae -111,, 


Of 











ZH RNa mi) eel nzege tht 
l,—1, =F Fup = AL, current ripple seslE) 
. Magnitude of current ripple, — 
AJ=f,-J =e 50 x 0.25 x 1077 
oT Do 60 x 10-5 a 
= 0.2083 A. 
Also, average or mean value of load current, 
h= I, +I, 3 Vo 
he eet Manel 
_50_. 
aii 
An examination of Fig. 7.5 (d) shows that maximum value of load current J, is given by 
Al Yo, 50 x 0.25 x 1075 
IysTyt+ SI ¢— es Teh + eX 
Minimum value of load current, 
qi =Iy- 92 =5-0.104= 4.896 A. 


Example 7.20. For the circuit shown in Fig. 7.33, show that 


Imax =p + a 7 


Vo Vo Vo 
R2L|" V, 
where f= operating frequency of chopper switch S. 
Assume L to be large enough to ensure linear growth and decay of the current through it 

and have continuous current. | 
| Solution. The function of capacitor C across load resistance R is to make the output 
| voltage continuous. In this figure, LC is a filter and FD is a flywheel diode. Inductor stores 

energy during T,,,, and delivers it during Poy Of a cycle. 


and 





Fig. 7.33. Pertaining to Example 7.20. 


| The solution up to Eq. (i) in Example 7.19 is the same for this example also. Therefore 
Eq. (¢) in Example 7.19 gives current ripple as | | 3 
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a ee eG 
ev gle Vou: 
Average load voltage, Vj=a eo - V, 
| Vain. Vi 
or =O ay 0. 
fe or V, T V, 
Also, T g=T-T has Nyt |. Va) 
off OFT f V. f V, 
Average load current, Ih= * 
It is seen from Fig. 7.5 (d) that 
oN AI Vo Vo 
“Vs 2 2A, 
Similarly, I. = Vo ee 
FFLERL R 2fL 


Example 7.21, For type-A chopper feeding an RLE load, show that maxi 
al ; Opp if an RLE load, w that maximum. value o 
rms current rating for the freewheeling diode, in case load current is ripple free, is given 


V E a/2 
0.3849 (= |1-— 
0-2 
Solution. For chopper with RLE load, average load current J, is 
ae Vo-E _2V,-E 
ig aN Ay Be 


| Freewheeling-diode current flows during the period I Therefore, rms value of 
freewheeling-diode current, when I, is ripple free, is given by 
—— , 1/2 | 
I =a|tar .7 _| 2-7 aV,-& 
dia, | haben baal? AK. R 
Ly | | 
=> (a V, —E) (V1 -a) lt) 
] 
=R{ov1 -a-V,-VI-o Ei 


This current J,, , will have maximum value when | 
Chay 1 2 (20 ~ 3a") V, 


© AL See 
da R\|2 Voe — of +t Eo |e0 
= (2a-3a°)V, fF 
Pr (20 -30°)Vl-a 
avVl-a 


oS 
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) : E 1 E 
or 3a —-2=— | =- = 

V. or Q= 3 (2 + V. 


Substituting this value of @ in Eq. (i), we get maximum. value of rms current rating 
learm Of freewheeling diode as under : 
fi oe i er 
i (2 a) 


2V,+E V.-E|| _ av, +E ae 
3V, 


ie 
pap Eset 
aL 


a =o 


Letom 








i 1 
oo] i i 


| 
Bo 
« PIS 
he 
— 
I 
s/h 


| ua 


Example 7.22. The speed of a ee my, de motor is controlled below base speed 
by type-A chopper. The supply voltage is 220 V dc. The armature circuit has r,=0.50 and 
L,,=10mH. The motor constant is k=0.1 V/rpm. The motor drives a constant nonaiie load 


requiring an average armature current of 30 A. On the assumptic~ of continuous armature 
current, calculate (a) the range of speed control and (b) the range of duty cycle. 


be 


Solution. For a motor, V.=V,=£,+17, 
The minimum possible speed of de motor is zero. This gives motor counter emf 
E=0 
a aV,=V),=0+],r, 
or ax 220=0+30x0.5=15V 
Maximum possible value of duty cycle is 1 
7 aV,=£,+1,r, 
or 1 x 220=K.N + 30x 0.5 
or N= = = 2050 rpm 


Therefore (a) range of speed control is 0 < N < 2050 rpm and 
(b) the range of duty cycle is = <a<l1. 


Example 7.23. In a battery-powered de drive scheme, a chopper-controlled motor rated 
at 72 V, 200 A and 2500 rpm ts separately-excited at a flux corresponding to its full rating. 
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The current pulsation during acceleration ts maintained between 180 A and 230 A, The motor 
resistance ts 0.045 0, while the inductance is 7 mH. The battery resistance is 0.065 Q 
Neglecting the semiconductor losses, determine the chopping frequency and the duty cycle ratio 
when the speed is 1000 rpm. Draw diagrams to show the circuit arrangement and performance 
during one chopping cycle. (.A.S., 1988) 
Solution. For a separately-excited dc motor, 
V,=V,)=£, +1, ra 





or 72 = ALN + 200 x 0.045 
12-9 63 
="9500 — 2500 \’7P™ 
At 1000 rpm, counter emf of motor 
E, =k 1000= 52, Sach x 1000 = 25.2 V 
V.-E 
From Eq. (7.12), Ine=—p (1-e en Ton! T + | eT e en Ton/Te 
Eo eei0® 
Here circuit time constant, T., a= P= 0.045 +0065 > 0.064s,R=0.11Q0 
_ 9a — (2 — 20.2 -T. /0.064] , yo, ,- T,,/0.064 
Lax = 230 = “| 1-6 0.064) + 180 € 
or 245.45 e7 7e/0-064 _ 195 45 
or T,, = 0,01458 s 
From Eq. (7.13), lan=7 = (1 —e TAT Tan en Tap’. 
During the freewheeling period, 
Ee) FMT AER " 
T,=> = 045 =0.1556s and R=0.0450 
20.2 — T0155 _- T.»0.1556 
180 =— —— ((1—e So) + 230 € ar 
or Ty = 0.1556 In 7 = 0.010174 s 
Chopping period, ine - + Ty = 0.01458 + 0.010174 = 0.024754 s 
eer a ed rae 1 - - 
Chopping frequency, f= : =D ona7sa= 40.4 Hz 
sath, Ton 0.01458 
Du ) se ee 
uty cycle ratio, or T ~ 0094784 0.588995 


= 0.589 or 58.9% 


Example 7.24. Show by diagram with necessary explanation a battery-powered de drive 
scheme using a chopper controlled motor. Sketch the voltage and current waveforms. Define 
chopping frequency and duty cycle ratio. 

In the drive scheme stated above, the maximum possible value of accelerating current is 
425 A, the lower limit of the current pulsation is 180A, length of ON period is 14 ms and that 
of OFF period is 11 ms, the time constant being 63.5 ms. Determine the higher limit of current 
pulsation, the chopping frequency and the duty cycle ratio. LAS, 1989] 
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Solution. Maximum value of current, J,,,= 425 A 
Lower limit of current pulsation = 180 A 
. Minimum value of current, J,,, =425-180=245A 


i ITLL 


Here 7, = 14 ms, T,¢= 11 ms, T= 25 ms, T, = 63.5 ms, a= = 0.56 








V,-E 
From Eq. (7.12), Las (1 =— pees i Tate . e~ Ten ‘Tt 
V_.-E 
or ‘495 = on (1 _sP%e a) 945 e7 14/63.5 
V.-E 
or art 1175,023 A 


For higher current pulsation, T.,, is kept 14 ms. For duty cycle ratio a less than 0.56, the 
current pulsation will be more. For a= 0.5, the current pulsation is the highest, So with 
«= 0.5, T,, = 14 ms, from Eq. (7.12), we get 


425 = 1175.023(1-e **”*) +7, e° M/S 


PPL 


or Dan = 2oo ° 9956 = 240 A 
Higher limit of current pulsation =425 -240=185 A 
peat n_ lon 14 A 
Chopping period, T= aS 28 ms 
eae - ie 1 
Chopping frequency, f= =—— = 390.114 Hz 
pping frequency P= 7 Saeie 
Duty cycle ratio, a = 0.50 | 


Example 7.25. Fig. 7.34 (a) shows a chopper circuit operating at 100 Hz with K,=0.5. 
The load current at steady state ts continuous but varies between 3 amps and 10 amps. Sketch 
the waveshape of 

(a) the load current i, 

(b) the current i, through the freewheeling diode D, 

(c) the current i, through the commutating capacitor. (GATE, 1994 ; LA.S., 1997] 

Solution. The circuit of Fig. 7.34 (a)-is redrawn in Fig. 7.34 (6) where the positive 
directions for i,, U,, iz, Uz, irq, and iy are indicated. Source voltage V, charges commutating 





(a) | (b) 
Fig. 7.34. Pertaining to Example 7.25. 
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capacitor C to voltage + V, through D2, L, C, load parameters A, L and source voltage V.. The 
working of this chopper is divided into certain modes as under : 

| Mode I: Main thyristor TH1 is turned on at ¢= 0, load yoltage uv; = V, and load current 
iy DeRINE to build up from 3 A. Capacitor voltage remains dormant. The waveforms for 
Voy Uz, ty aNd ty; (= ty) are shown in Fig. 7.36. The circuit operation during this mode is shown 
in Fig, 7.35 (a). 

















eds | +f ith 
: L THI } ry Q Srey | i. : | 
ie 4 THT | , Pitre 
: L r 
Ve ° a Ve 4a , v. 
| “ | UL= Ve LL=tTHI ‘| ) uj = Ve At 17,U,=-V, 
e Ls 4 i < 
(a) Mode I, 0<f<t, (b) Mode II, t) <t <t, 
= iL 
oy ma 
+ : + 
| » +t A } é | . 
THI oe Lpe-*~ geal , D1} [D2 © 
tH Cc UL ] 
Ve 5 0. rD 5 , _ Ue 
| : 
| ' At Late by DF] L. u,=0 At t,. L-=9, v.=V. 
‘le and iyw)=0 - 
=| : = | 
(¢) Mode ITI, tp <¢ < tg (d) Mode IV, ty <t <t, 


Fig. 7.35 
| pmode II; Auxiliary thyristor TH2 is turned on at ¢, to commutate main thyristor TH1. 
enehs TH2 on, ¢, begins to flow through C, L, TH2 and TH1. During this mode, ing, =i; + ig. 
At time t,;i,=0, v.=~V,, uv, =V,. As i, tends to reverse soon after to, TH2 is turned off. 


Capacitor current during this mode is given by Eq. (7.33), i.e. V,’ e 81M My ft. 


Mode It ; After TH2 is turned off at to, reversed current i, now begins to flow through 
C, THI, D2 and L. Note that during this mode, ig, =i; —i¢. When i, rises and becomes equal 
to.t;, ire decays to zero and thyristor TH] is therefore turned off at time t;. This means that 
source voltage is disconnected from load RL at tz. As t; tends to decay from 10 A, DF gets 


Tee es di | : | 
forward biased by L at and load current begins to freewheel through R, L and DF after fz. 


Eventually, i; decays to 3 A at ts. At ts, capacitor voltage vu, 1s still negative as shown in Fig, 
7.36. | : Ts. 
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=0 ty t2 3) Ty * ts : 
TH! TH? THZ THI OD? THI! 
on on of off off on 
D? OF F 
on on off 
D1 
on 


Fig. 7.36. Pertaining to chopper circuit of Example 7.25. 

Mode IV : After TH1 is turned off at fs, i, rises through the oscillating circuit formed by 
Di, D2, L and C. Finally, at ¢,,1,=0 and v,=V,. Soon after t,, as i, tends to reverse, diodes 
D1, D2 get turned off. Capacitor C charged to proper polarity and voltage is now suitable for 
next repeat cycle initiated by triggering TH1 on at t;. During the interval (t, — t,), load current 
freewheels through DF, R and L and decays from 10 A at t, to 3 A at f, as shown in Fig. 7.36, 





Ba leo he 


7.1. (a) Discuss the main classification of de to de thyristor converters. Which of these is more 
commonly employed and why ? 
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(6) Describe the principle of de chopper operation. Derive an expression for its average dc output 
voltage. | 

(c) Explain, with appropriate waveforms, the different control strategies used for obtaining variable 
output voltage from a de chopper. Which one of these is preferred over the other and why ? 

7.2. (a) What is a dc chopper ? Describe the various types of chopper configurations with appropriate 
diagrams wherever necessary. 

_ (b) A de battery is charged from a constant de source of 220 V through a-chopper. The de battery 
is to be charged from its internal emf of 90 V to 122 V. The battery has internal resistance of 1 Q. For 
a constant charging current of 10 A, compute the range of duty cycle. [Ans. 0.4545 to 0.6] 

7.8. For type-A chopper, express the following variables in terms of V,, R,J) and duty cycle o in 
case load inductance causes the load current J, to remain constant at a value J) = V)/R. Here V, is the 
source voltage. 

(a) Average output voltage and current. 

(6) Output current at the instant of commutation. 

(c) Average and rms values of freewheeling diode current. 

(d) Rms value of the output voltage. 

(e) Average and rms values of thyristor current. 

Sketch the time variations of gate signal i,, output voltage vp, output current to, thyristor current | 
‘ty and freewheeling diode current ijy. [Ans. (a) « V,, Vo/R (b) Vo/R (c) (1-@) Ig, V(1 -@) I, 

(d) Vo V, (e) Lo, Vor Il 


7.4. Draw the power circuit diagram for a type-A chopper. Show load voltage waveforms for (t) 
a =0.3 and (ii) «= 0.8. For both these duty cycles, calculate. | 
(a) the average and rms values of output voltage in terms of source voltage V 
(6) the output power in case of resistive load A and 
(c) the ripple factors. [Ans, (a) (i) 0.3 V,, 0.5477 V, (di) 0.8 V,, 0.8944 V, 
(b) 0.3 V2/R, 0.8 V°/R (c) 1.5275; 0.5.] 


7.5. (a) Achopper controls power given to an R-L load. For T/T, = Q, derive an expression for the 
value of duty cycle a below which the per unit value of minimum load current falls below x per unit of 
VAR. 

(6) A chopper has the following data : 

T=1000 ps, R=20, L=5 mH 

Find the duty cycle a so that per unit value of minimum load current does not fall below (r) 0.1 

and (it) 0.3 of V,/R. 


| ha Linn 
Hint. (a) Use Eq. (7.15) with E=0. Herex = | 


[Ans (a) a= 5in {l+zx (e® —1])/ (6) 0.12, 0344 


7.6, (a) A chopper, fed from a 220-V dc source, is working at a frequency of 50 Hz and is connected 
to an R-L load of R=5 Q and L =40 mH. Determine the value of duty cycle at which the minimum load 
current will be (fF) 5 Az) 10 A(it) 20 A and (iv) 30 A. 

(6) For the values of a obtained in (a), calculate the corresponding values of maximum_-currents 
and the ripple factors. [Ans, (a) 0.328, 0.50582, 0.7222, 0.86184 

(b) 26.823 A, 1.4313 ; 34.3996 A, 0.9884 ; 40.055 A, 0.6202 ; 42.3767 A, 0.4004) 
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2 7.7. (a) A de chopper feeds power to an RLE load with R = 29, L ='10 mH and E=6 V. If this 
c oppper is operating at a chopping frequency of 1 kHz and with duty cycle of 10% from a 220-V de 
source, compute the maximum and minimum currents taken by the load. | 
(0) A de chopper is used to control the speed of a separately excited dc motor. Thede supply voltage 
is 220 V, armature resistance r, = 0.2 2 and motor constant A$ = 0.8 Virpm. ; 

— The motor drives a constant torque load requiring an average armature current of 25 A. Determine 
(1) the range of speed control (ti) the range of duty cycle. Assume the motor current to be continuous. 
(LA.S., 1990) 


[Ans. (a) 9.016 A, 7.03867 A (6) Duty cycle : i <a<1, Speed ; 0 <N < 2687.5 rpm] 


7.8. (a) Describe the principle of step-up chopper. Derive an expression for the average output 
vo ae terms of input de voltage and duty cycle. State the assumptions made. | 
step-up chopper has output voltage of two to four times the | 
| Ae as | ur til 1@ input voltage. For a choppin 
frequency of 2000 Hz, determine the range of off-periods for the gate signal. [Ans. 250 us to 125 us} 
7.9. For type-A chopper connected to RLE load, write the basic voltage equations and derive the 
expressions for the maximum and minimum values of load current in terms of source voltage V., R, E 
etc. | oO 
Hence show that the expression for per unit ripple in the load current is given by 
tee 97, a (l=) E/T, ) 





, (1—e° 777s) 
where T = chopping period, «= duty cycle and T,=L/R 

7.10, A type-As chopper feeds RLE load. For low value of Ton; limit of continuous conduetion is 
reached when load current during T.,, <¢ <T falls to zero. Derive an expression for this load current 


from basic voltage equations and hence obtain th fe = = 
| erefro i # Le ‘ 5 
conduction is given by m that the duty cycle a’ at the limit of continuous 


Tr 
where V, = source voltage, T,=L/R and T = chopping period. 


" 
a’ = a In 1 4 a (eT, - »| 


7.11. For type-A chopper feeding an RLE load. show th urre 
_ fll. 10pper feeding an R oad, snow that the maximum value of average current 
rating for the freewheeling diode, in case load current remains constant, is given by F a 


Ve (,_ £ 
4hi VY, 
7 tls. a battery with its terminal voltage of 200 Vis supplied with power from type-Acho pper circuit. 
Phe output voltage of the chopper consists of rectangular pulses of 2 ms duration in an overall cycle 
time of 5 ms. Internal resistance of the battery is negligible, Calculate : | | : 
(2) ripple factor 
(5) average and rms values of output voltage 
(c) rms value of the fundamental component of output voltage 
(d¢) ac ripple voltage [Ans. (a) 1.2247 (6) 80 V 126.49 V (c) 85.63 V (d) 97.98 V] 


7,13. A type-A chopper feeds power to RLE load Ith k=159,£=6mH ar = 440 t 
or ite hee ee wit 02, £=6mH and £=44 V, Other data 
Source voltage =220 V dc, chopping frequency = 1 kHz, 
Output voltage pulse duration =400 Lise, 
Repeat parts (a) to (i) of Example 7.8. ) [Ans. (@) o’ -— 0.221, current is continuous 
) (6) 29.33 A (¢) 33.764 A, 24.975 A (e) 2.496 A, 0.7719 A, —0.1716 A, 
(f) 11.781 A, (¢) 2591.92 W, 1290.52 W. 1300.5 W, (A) 29.445 A (1) 29.445 Al. 
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7.14, A500 kW dec series motor used in a high-speed train is controlled by a chopper circuit. The 
inductance of the armature and series field windings is augmented by an externa! inductance. The de 
source voltage for the train is 1000 V, The duty cycle varies from 0.15 to 0.9. Find the range of total 
inductance (its maximum and minimum values) in the armature circuit in terms of chopping period in 
case the amplitude of armature current-excursion is limited to 25 A. [Ans. 3.6 T to 10 T henries| 

7.15, Write voltage equations governing the performance of type-A chopper during 7), and 7.) 
periods for an RLE load. Hence obtain therefrom expressions for the maximum and minim currents 
taken by the load. 

7.16. Describe a voltage-commutated chopper with relevant current and voltage waveforms as a 
function of time. The chopper operation may be divided into certain well-defined modes. Enumerate 
the various simplifying assumptions made. 

Show that effective on-period for this chopper is load dependent. Find also the minimum permissible 
on-period in terms of commiutating parameters. 

7.17. A-voltage-commutated chopper delivers power to RLE load for which A = 0 and L=8 mH. For 
a chopping frequency of 200 Hz and de source voltage of 400 V, find the chopper duty cycle so as to limit 
the load current excursion to 40 A. (Ans. 0.8 or 0.2] 

7.18. (a) Derive expressions for computing the magnitude of commutating components C and L for 
a voltage-commutated chopper. Relevant voltage and current waveforms may be drawn to assist these 
derivations. Discuss the considerations on which design value of these components depend. 

(b) Deseribe the various important features of a voltage-commutated chopper, such as effective on 
neriod, minimum on-period ete. 

7.19, Draw the power circuit diagram for a current commutated chopper. Explain the working of 
this chopper by dividing its commutation-process interval into some well-defined modes. Show distinctly 
the total turn-off time, turn-off times for main and auxiliary thyristors in the relevant waveforms drawn. 

7.20. (a) Discuss the conditions governing the design of commutating components L and C for a 
current-commutated chopper and hence obtain expressions for these parameters in terms of source 
voltage, load current, circuit turn-off time etc, The current and voltage waveforms needed for obtaining 
the expressions of L and C may be sketched. 

(b) A current-commutated chopper has the following date : Source voltage = 220 V de ; Peak 
commutating current = 1.8 times the load current ; Main SCR ?, = 20 ps ; Factor of safety =2 ; Load 
current = 180 A. 

Determine the values of the commutating inductor and capacitor, maximum capacitor voltage and 
the peak commutating current. [Ans. 13.882 nH, 30.002 uF, 342.22 V, 324 Al 

7.21. The commutating components for a current-commutated chopper are C=40,F and 
L=18 pH. DC source voltage is 220 V and load current is constant at a value of 180 A during the 
commutation interval. For this chopper, calculate 

(a) circuit turn-off time for main thyristor, 

(b) circuit. turn-off time for auxiliary thyristor, and 

(c) total commutation interval. 

Derive the expressions used in parts of (a), (6) and (c). 

[Ans. (a) 46,846 ps (6) 60.595 us (c) 180.132 ps] 

7.22. (a) Discuss the working of a load-commutated chopper with relevant voltage and current 
waveforms. Show voltage variation across each pair of SCRs as a function of time. 

Derive an expression from which the value of commutating capacitor of this chopper can be 
computed, 

(b) A load-commutated chopper, fed from 230 V de source, has a constant load current af 90 A. For 
a duty cycle of 0.4 and a chopping frequency of 2 kHz, compute 

(1) the average output voltage, 
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(ii) the value of commutating capacitance, 

(iii) circuit turn-off time for one thyristor pair and | 

(iv) total commutation interval. [Ans. (6) 92 V ; 21.739 pF ; 100 ps ; 200 Ls] 

7.23. What is a multiphase chopper ? Bring out clearly, with appropriate waveforms, the difference 
between the in-phase operation and phase-shifted operation of a multiphase chopper. Hence show why 
phase-shifted operation is always preferred. 

Enumerate the merits and demerits of multiphase choppers. | 

7.24, Describe a three-phase chopper with appropriate circuit diagram. Draw the input current 
waveforms for both in-phase and phase-shifted operations of this chopper on the assumption of ripple 
free output current. Suitable values of duty cycle may be chosen to illustrate your answer. 

7.25. (a) Achopper circuit drives an inductive load from a 200 V de supply. Given the load resistance 
of 40 @, the average load current 30 A and the operating frequency of the chopper 400 Hz, compute the 
ON and OFF periods of the chopper. 

(b) A separately-excited de motor is supplied from a 60 V de source through a fixed frequency 
chopper. The rated speed is 900 rpm and the rated current is 30 A, Armature circuit resistance is 0.25 
(), Find the duty cycle ratio of the chopper at rated motor torque for a speed of 300 rpm ignoring current 
pulsations. [Ans. (a) 2.083 ms, 0.417 ms (6) 0.4176] 

7.26. (a) A chopper circuit as shown in Fig. 7.37 (a) is inserted between a battery, V, = 150 V and 
a load resistance R= 10. The turn-off time for the main thyristor T1 1s 110 ps and the maximum 
permissible current through it is 30 A. Calculate the values of the commutating components L and C. 

(LA, S., 1995] 


I, 





Ton+ Tott=T 


(@) 


. (5) 
Fig. 7.37. Pertaining to Problem 7.26. 

(b) Fig. 7.37 (b) shows the circuit schematic of a chopper driven separately-excited de motor. The 
single-pole double-throw switch operates with a switching period T of 1 ms. The duty ratio of the switch 
(T,,/ 1) is 0.2. The motor may be assumed lossless, with an armature inductance of 10 mH. The motor 
draws an average current of 20 A at a constant back emf of 80 V, under steady state. 

(i) Sketch and label the voltage waveform vp (¢) of the chopper for one switching period 
(ii) Sketch and label the motor current i, (¢) for one switching period T 
(iii) Evaluate the peak-to-peak current ripple of the motor. 
[Ans. (a) L=1.587mH, C= 15.87 pF 
(b) Minimum current = 16.8 A, maximum current = 23.2 A, 

peak-to-peak current = 6.4 A] 
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A device that converts de power into ac power at desired output voltage and frequency 
is called an inverter, Some industrial applications of inverters are for adjustable-speed ac 
drives, induction heating, stand by air-craft power supplies, UPS (uninterruptible power 
supplies) for computers, hvdc transmission lines etc. Phase-controlled converters, when 
operated in the inverter mode, are called line-commutated inverters, Chapter 6. But 
line-commutated inverters require at the output terminals an existing ac supply which is 
used for their commutation. This means that line-commutated inverters can’t function as 
isolated ac voltage sources or as variable frequency generators with dc power at the input. 
Therefore, voltage level, frequency and waveform on the ac side of line-commutated 
inverters cannot be changed. On the other hand, force commutated inverters provide an 
independent ac output voltage of adjustable voltage and adjustable frequency and have 
therefore much wider applications. In this chapter, force-commutated and load 
commutated inverters are described. 

The de power input to the inverter is obtained from an existing power supply network or 
from a rotating alternator through a rectifier or a battery, fuel cell, photovoltaic array or 
magneto hydrodynamic (MHD) generator. The configuration of ac to de converter and de to 
ac inverter is called a dc-link converter. The rectification is carried out by standard diodes 
or thyristor converter circuits discussed in Chapter 6. The inversion is period by the 
methods discussed in this chapter. 


Inverters can be broadly classified into two types ; voltage source inverters and current 
source inverters. A voltage-fed inverter (VFI), or voltage-source inverter (VSI), is one in which 
the dc source has small or negligible impedance. In other words, a voltage source inverter 
has stiff dc voltage source at its input terminals. Acurrent-fed inverter (CFI) or current-source 
inverter (CSI) is fed with adjustable current from a de source of high impedance, i.c. from a 
stiff de current source. In a CSI fed with stiff current source, output current waves are not 
affected by the load. 


In VSIs using thyristors, some type of forced commuiation is usually required. In case 
VSIs are made up of using GTOs, power transistors, power MOSFETS or IGBTs, 
self-commutation with base or gate drive signals is employed for their controlled turn-on and 
turn-off. 

The object of this chapter is to describe the operating principles of both single-phase and 
three-phase inverters and to present their elementary analysis. As before, switching devices 
are assumed to possess ideal characteristics. 
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8.1. SINGLE-PHASE VOLTAGE SOURCE INVERTERS : OPERATING ERINCE ES 
In this section, operating principle of single-phase voltage source inverters is discussed. 
8.1.1. Single-phase Bridge Inverters i: 
Single-phase bridge inverters are of two types, namely (1) single-phase half-bridge 

inverters and (ii) single-phase full-bridge inverters. Basic principles of operation of these two 

types are presented here. a 
Power circuit diagrams of the two configurations of single-phase bridge inverter, as stated 

above, are shown in Fig. 8.1 (a) for half-bridge inverter and in Fig. 8.2 (a) for full-bridge 
inverter. In these diagrams, the circuitry for turning-on or turning-off of the thyristors is not 
shown for simplicity. The gating signals for the thyristors and the resulting output voltage 
waveforms are shown in Figs. 8.1 (b) and 8.2 (6) for half-bridge and full-bridge inverters 
respectively. These voltage waveforms are drawn on the assumption that each Te 
conducts for the duration its gate pulse is present and is commutated as soon as this pees 
ig removed. In Figs. 8.1 (6) and 8.2 (6), t,,—t,4 are gate signals applied respectively to 
thyristors T1-T4. 





(a) | (b) 
Fig. 8.1, Single-phase half-bridge inverter. 


eT, a et Fe tet A a in Fie. 8.1 (a), consists of two SCRs, two 
Single-phase half bridge inverter, as shown in Fig. 8.1 (a), consis a eh 
diodes ad three-wire supply. It is seen from Fig. 8.1 (6) that for 0<?s T/2, thyristor T1 





(a) | 
Fig. 8.2. Single-phase full-bridge inverter. 
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conducts and the load is subjected to a voltage V,/2 due to the upper voltage source V,/2. At 
t=T/2, thyristor Tl is commutated and T2 is gated on. During the period T/2<¢<T. 
thyristor T2 conducts and the load is subjected to a voltage (- V,/2) due to the lower voltage 
source V./2. It is seen from Fig. 8.1 (6) that load voltage is an alternating voltage waveform 
of amplitude V,/2 and of frequency 1/T' Hz. Frequency of the inverter output voltage can be 
changed by controlling T. 

The main drawback of half-bridge inverter is that it requires 3-wire de supply. This 
difficulty can, however, be overcome by the use of a full-bridge inverter shown in Fig. 8.2 (a). 
It consists of four SCRs and four diodes. In this inverter, number of thyristors and diodes is 
twice of that in a half bridge inverter. This, however, does not go against full inverter because 
the amplitude of output voltage as well as its output power is doubled in this inverter as 
compared to their values in the half-bridge inverter. This is evident from Figs. 8.1 (6) and 
&.2 (b). 

For full-bridge inverter, when T1, T2 conduct, load voltage is V, and when T3, T4 conduct 
load voltage is — V, as shown in Fig. §.2 (6). Frequency of output voltage can be controlled by 
varying the periodic time T. 

In Fig. 8.1 (a), thyristors T1, T2 are in series across the source ; in Fig. 8.2 (a) thyristors 
T1, T4 or T3, 'T2 are also in series across the source. During inverter operation, it should be 
ensured that two SCRs in the same branch, such as T1, T2 in Fig. 8.1 (a), do not conduct 
simultaneously as this would lead to a direct short circuit of the source. 

For a resistive load, two SCRs in Fig. 8.1 (a) and four SCRs in Fig. 8.2 (a) would suffice, 
because load current i, and load voltage vy would always be in phase with each other. This, 
however, is not the case when the load is other than resistive. For such types of loads, current 
tg Will not be in phase with voltage vy and diodes connected in antiparallel with thyristors 
will allow the current to flow when the main thyristors are turned off. These diodes are called 
feedback diodes. 

8.1.2. Steady-state Analysis of Single-phase Inverter 

_ Figs. 8.1 (6) and 8.2 (6) reveal that load voltage waveform does not depend on the nature 
of load. The load voltage is given by 


for half-bridge inverter, Ug= 3 bai —~O<t<<T/2 


< 


pane 2¢2 7 


and for full-bridge inverter, vg=V.,.......0<t<T/2 
=— Vy un Pe cEST 


The load current is, however, dependent upon the nature of load. Let the load, in general, 
consist of RLC in series. The circuit model of single-phase half-bridge or full-bridge inverter 
is as shown in Fig. 8.3 (a). In this circuit, load current would finally settle down to steady 
state conditions and would vary periodically as shown in Figs. 8.3 (c) to (f). It is seen from 
these waveforms that 


ig =— Tp veeseeee att=0, T, 27, BT ener. 
and in=dy asian abt=P/2,87 72,0772, ..-.. 
The voltage equation for the circuit model of Fig. 8.3 (a) for half-bridge inverter and for 
Q<f<7/2 is given by 
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1 el Components 
‘01, 2} 71,72 |D3,0473 14) 01,02; T1172 pu [J conducting 

| 

RLC overdamped 








pwo2 1172 ID3,; 13,10 | D1, 1 2 |oa,i137e 


| eaters nts 
D4 * | 02" | 


conducting 





pt 
tot 
03 Components 


D2 D4 D? ng) co nducting 


(f) : bee i 
Fig. 8.3. Load voltage and current waveforms for single-phase bridge inverter. 
I 
Ys SHRP ie & | igdt + Vex ...(8.1) 


For full-bridge inverter, replace V,/2 by V, in * (8.1). In this equation, V,, is the initial 
voltage across capacitor atr= 0. 


For T/2 <t<-T, or 0<?t' < T/2, the voltage equation for half-bridge inverter is 


: ae Ribera, (8.2) 


de +e 
and for a full-bridge inverter, replace (— V,/2) by (- V,) in Eq. (8.2). In this equation, V,, 18 
the initial voltage across capacitor dt=0 


*y 
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Differentiation of Eqs. (8.1) and (8.2) gives 
d° iy Rdty 1. 
dL at *~e=9 
a2 *L a ttc 9 
The solution of these second order differential equations can be obtained by using initial 
conditions as specified above. Components constituting the load decide the nature of load 
current Waveforms. - 








and 


For a full inverter, the rectangular output voltage waveform is shown in Fig. 8.3 (6). For 
this inverter, various current waveforms for different load characteristics are drawn in Fig. 
8.3 (c) to (f). The nature of these current waveforms is briefly discussed in what follows - 

R load. For a resistive load A, load current waveform Lj 18 identical with load voltage 
waveform uv», and diodes D1-D4 do not come into conduction, Fig. 8.3 (c). 

RL and RLC: overdamped loads. The load current waveforms for RL and RLC 
overdamped loads are shown in Figs. 8.3 (d) and (e) respectively, Before t= 0, thyristors T3, 
T4 are conducting and load current i, is flowing from B to A, i.e. in the reversed direction, 
‘Fig. 8.2 (a). This current is shown as —J, at¢=0 in Figs. 8.3 (d) and (e). After T3, T4 are 
turned off at /=0, current i cannot change its direction immediately because of the nature 
of load. As a result, diodes D1, D2 start conducting after t = 0 and allow i, to flow against the 
supply voltage V, As soon as D1, D2 begin to conduct, load is subjected to V, as shown. Though 
Tl, T2 are gated at ¢= 0, these SCRs will not turn on as these are reverse biased by voltage 
drops across diodes D1 and D2, When load current through D1, D2 falls to zero, Tl and T2 
become forward biased by source voltage V,, Tl and T2 therefore get turned on as these are 
gated for a period 7/2 sec. Now load current /, flows in the positive direction from A to B 
At t=T/2;T1, T2 are turned off by forced commutation and as load current cannot reverse 
immediately, diodes D3, D4 come into conduction to allow the flow of current i, after T/’2, 

Thyristors T3, T4, though gated, will not turn on as these are reverse biased by the voltage 
drop in diodes D3, D4. When current in diodes D3, D4 drops to zero ; T3, T4 are turned on 
as these are already gated. The conduction of various components of the full-bridge inverter 
is shown in Figs. 8.3 (d) and (e). 

RLC underdamped load. The load current i, for RLC underdamped load is shown in 
Fig, 8.3 (f). After #=0 ; T1, T2 are conducting the load current. As tg through T1, T2 reduces 
to zero at ¢,, these SCRs are turned off before T3, T4 are gated. As T1, T2 stop conducting, 
current through the load reverses and is now carried by diodes D1, D2 as T3, T4 are not yet 
gated. The diodes D1, D2 are connected in antiparallel to Tl, T2 ; the voltage drop in these 
diodes appears as a reverse bias across T1, T2. If duration of this reverse bias is more than 
the SCR turn-off time tbe. If (T/2—t))> t, ; Tl, T2 will get commutated naturally and 
therefore no commutation circuitry will be needed. This method of commutation, knows as 
load commutation, is in fact used in high frequency inverters used for induction heating. 

In single-phase bridge inverters shown in Figs. 8.1 (a) and 8.2 (a), thyristors are shown 
as switching devices, Note that basic inverter operation is not dependent on the particular 
semiconductor device used. It means that if npn transistors (or GTOs, IGBTs etc) are used 
as switching devices in place of thyristors as shown in Fig. 8.4, normal inverter operation is 
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Tat 4 (a) (6) 
Fig. 8.4. Single-phase (a) half-bridge and (b) full-bridge inverters using transistors. 


obtained. The operating principle of an inverter using transistors, Fig. 8.4, can be described 
merely replacing T (for thyristor) by TR (for transistor) in Figs. 8.1 (6), 8.2 (6) and 8.3 (c to f). 

Example. 8.1. (a) A single-phase full bridge inverter is connected to an RL load. Fora de 
source voltage of V, and output frequency f = 1/T, obtain expressions for load current as a 


function of time for’ the first two half cycles of the output voltage. 

(b) Derive also the expressions for steady-state current for the first two half cycles. 

(c) For R=20Q and L=0.1H, obtain current expressions for parts (a) and (6) in case 
source voltage ts 240 V de and frequency of output voltage is 50 Hz. 


Solution. (a) For the first half cycle, Fig. 8.3 (5), i.e. for 0 < t < T/2, the voltage equation 
for RL load is 


. dip 
V,=Rip+L a, (8.3) 
lts Laplace transform, with zero initial conditions, is 
V 
= R I(s) +Ls - I(s) =I(s) (R + Ls] 
Its time solution is, 
V, _R, 
ig(f) = z(1- —e - ) (8.4) 


for Q<f<T/2. 


_ This is the expression of current as a function of time for the first half cycle from the 
instant of switching in with i,(t)=0 at t= 0. 


At ¢=T/2, current i,(t) of Eq. (8.4) becomes the initial value for second half cycle. 
Vi 
iy(T/2) = R\t- e 2 | (8.5) 


For second half cycle, time limit is s T/2 to T or 0<t' <T/2 where tf =t-T/2. The 
voltage equation for RL load during second half ae is 


-V,=Ri, +p os | ...(8.6) 
Its Laplace transform, with initial current i, (T/2) given by Eq. (8.5), is 
ah 


= =I(s) (R+Ls] =i,(T/2) -L 


S 
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Vv L -iT/2) 


s(R+Ls) R+Ls 
¥, ~ . Py = ey 
Its time solution is i,(t°)=- A = Be ) ty (T'/2)e | 


, | Se 
Vip gut val 2) Et 
=-qlt-e \+3 l-e eG 


VV. ¥ Sait cee | es 
or ig(t ya Ye Flo -e 2 Ne t _(8.7) 
for O<t'<T/2. 


Eqs. (8.4) and (8.7) give the transient solution for load current for first and second half 
cycles respectively. 
(b) Under steady-state conditions, at ¢ = 0, i,(0)=—Jp, Fig. 8.3 (d). Under this condition, 
Laplace transform of Eq. (8.3), is 
= I(s) (R+Ls]) +L I, 
R _f, 
Its time solution is ig(f) = Rl-e -e bt vy. Ine * (8.8) 


At t=T77/2, iy (t) =I) Fig. 8.3 (@), therefore from Eq. (8.8) 


= Ve. -= _Et 
ig(T/ 2) = [5 = Hi-e # =€ -Iy- e 


_RT 
| 2. 

or [= Ve ‘eas ...(8.9) 
~ Lt+e & 


Substituting this value of J, in Eq. (8.8), gives 


RT 

V. Sey Woe ey oe | 
id =A -e Ui) Fe Aa L ...(8.10) 

R & l+e 2 


Eq. (8.10), gives the steady-state solution during the first half cycle, t.e. for O<t < T/2. 
For second half cycle, at t= 7/2, i, (T/2)=Ip, Fig. 8.3 (d). Under this initial condition, 
Laplace transform of Eq. (8.6), 1s 


VY 
- > =[s) [AR +Ls])-LIy 


Vf, ae . “Tt 
Its time solution is i(f)=-=|l-e ~* |+Jpe 


R 
R - aT R 
| _ ty ) oy. fy 
=- Gli -e ee ae L' (8,11) 
R [bier 26 


Eq. (8.11) gives the steady-state solution during the second half cycle, ze. for 
Q<t’<T/2 where t’=t-T/2. 
Boal 


R RT 
7 = —— — —— = ft). =e. 
(c) Here — r = 200, T 7 50 0.02 sec OT, 
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Expression for transient current during the first half cycle from Eq. (8.4), is 
i,(t) = yi =e ‘) =12 (1 =m ; 





20 
Expression for transient current for second ae cycle, from Eq. (8.7), is 
i(t’) =— a+ "2 | e*)e — 200 ¢” 
=—12+ a 166 ante 
| | 240 1- e* 
From Eq. (8.9), i= =9.139 Am 
q Lt 20 14 e 9 ps. 


Steady-state current for the first half cycle, i.e. for 0 <¢ < T/2, is obtained from Eq. (8.10) 


ig(t) = 12 (1 —e 7) — 9.139 2 2 
=12-21.1392e°"' ford<# <T/2 
For the second half cycle, steady state current from Eg. (8.11), is 
in(t’) =— 12 (1 —e7 ™") + 9.139 e° 2008 
=-12+21.139e°" for0<t’ <T/2. 


Example 8.2. (a) Repeat parts (a) and (b) of Example 8.1 in case load consists of resistor 
F and capacitor C in series. 


(6) For R=20Q and C=50 uF, obtain current expressions for part (a) for input voltage 
of 240 V and output frequency of 500 Hz. 


Solution. (a) For the first half cycle, i.e. for 0 <¢ < T/2, voltage equation for RC load is 
g-) a) ey 
or R—. a nav, (8.12) 
Its Laplace transform, with zero initial conditions, is 


Rls Q(s) —q(0)] + Xs) _ = 





CG 
or Qs) = a sk a * 
z s(s +1/RC) 
Its time solution is, g(t) = CV, (1 —e7 /*°) 
or u(t) = =! = (1 -e *) ...(8.13) 
s (f) V, 
Al 0, =-f/RC , be 
so ij(t) =C — ap =e ...(8.14) 
Eqs. (8.13) and (8.14) give the transient solution for u,(t) across C and i,(t) through RC 
load during the first half cycle. 
At t=T'/2, v(t) of Eq. (8.13) becomes the initial value of the second half cycle, 
T 
v.(T'/2) = V, E —e aRC| ...(8.15) 
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Voltage equation for RC load for second half cycle is | 
-~V,=R in + G J igat 
or | RG+L=- V, | | ...(8.16) 
Its Laplace transform, with initial voltage v,(7/2) given in Eq. (8.15), is 
Rls Q(s)-C- v(T/ 2)) + as) =— = 


C-V, Cv{T/2) 


or WO)=—~SRCs+1)* 7, 1 
RC 
+ Cu(T/2) e */"° 


Its time solution is q(f)=-CV,1l-e fEhS) 
as Bao ig el 
or v(t’) =- V, E -e Re V, (1 -e@ mC RC 
: Tee 
=-—-V,+V,|2-e ae | e RC ..A8.17) 
| Poy VA ET 
Also i(t)=C a) =— 5 (2 -e 2G Je" RC ...(8.18) 


Voltage and current solutions in the first half cycle 
are given by Eqs. (8.13) and (8.14) and in the second hlaf Vo 
cycle by Eqs. (8.17) and (8.18). 
(6) Under steady state working, the waveform for 
voltage vg across capacitor and load current i, through . th 
FC are as shown in Fig. 8.5. r : 
At #=0, v,0)=-—V,. Therefore, Laplace transform 
of Eq. (8.12) under this condition is 


T 
i 
| 
: 


R ls Qs) + CVs) + 20.=~# 


he | V 
ae Q(s) Rs + e|-f- OR Vo 
V. 
or Q(s) = R : - 





Its time solution is q(t) = CV, (1-e “** 
vst) = V, (1 =e WB) — Yo eC (8.19) 
At ¢=T/2, v(T/2) = Vp, Fig. 8.5, therefore, from Eq. (8.19), 


a2 a ee 
v(T/2) =V,=V, (1 - 2RC | Vee 2RC 
: ate 
| r «zy L-e 2RC i. 
or Vo=V; aan (8.20 
l+e 2RC | 
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| T 
x T—~@ 2 : 





From Eg. (8.19), uAt=V, i =p Ro VY, =o 2) RC (8.21) 
} l+e 2RC 
E 
, } “RC 
From above equation, i,(t)=C due) = as ee ‘B.22) 
hee dt FR ere ae 
1l+e 2kc 


Eqs. (8.21) and (8.22) give the steady-state solution for v.(f) and load current t.*\ for the 


first half cycle, i.e. for 0 <¢ < T/2. 
For second half cycle, at ¢ = T/2, v.(T'/2) = Vp. Under this condition, Laplace transform of 


Eq. (8.16) is 





Ris Qs) - CV_] + 29 -_ “+ 
- = eG 1 CVo 
or Qs)=-B: waa 
=" RC 


Its time solution is —_ g(t’) =-— CV, (1-e 87") + CV, 7 */*° 


v(t’) == V,-(1—e € PS) 4 y, e 1/RE 





or 
“a aa 
Te | are ee Oe 
=-V,(1-¢ Re) V,—— re RC (8.23) 
| l+e 2k 
| d u,{t’) 
Also ipo — es 
I(t) =C dt 
ae 
2V, ¢ Re 
$= ae | (8.24) 
l+e RC 


Eqs. (8.23) and (8.24) give respectively the steady-state solution for capacitor voltage 
u(t’) and load current Z(t’) for second half cycle, i.e. for O< ft < T/2. . 


(c) Here R=200. C=50uF. oA = 1000, T= , = 0.002 

From Eggs. (8.13) and ( 8.14), the transient expressions for the first half cycle are 
v(t) = 240 (1 — e7 10%) 
g(t) = 12 e° 14 

From Kgs. (8.17) and (8.18), the transient expressions for the second half cycle axe 
v(t’) =— 240 + 240.(2 — 7 7) eo 10008 

=— 240+ 512. 48 e 1000" 

ig(t’) =— 12 (2 — e~ *) e= 1" = _ 29.376 e- 10008 


ee 
l+e! 


and 


and 
= 110.91 volts. 





From Eq. (8.20), V,) = 240 


For the first half cycle, steady state voltage and current, from Eiqs. (8.21) and (8.22) are 
u(t) = 240 (1-27 1%) - 110.91 e °°! = 240 — 350.91 e 10! 
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Bad ig(t) = - <__ = 1.545 e* 1000 
! l+e 


Fe: For the second half cycle, steady state voltage and current, from Eqs. (8.23) and (8.24) 


u(t’) =— 240 (1 — 27 °°") 4.110.916 10" _ _ 940 4 950.9] o- 10008 
and ig(t’) =- 17.545 @ 700# 


Example 8.3. A single-phase bridge inverter delivers power to a series connected RLC 
load with R =2Q and aL = 10 Q. The periodic time T = 0.1 msec. What value of C should the 
load have in order to obtain load commutation for the SCRs. The thyristor turn-off time is 
10 psec. Take circuit turn off time as 1.5 f,, Assume that load current contains only 
fundamental component. ‘ 


Solution. The value of C should be such that 
RLC load is underdamped. Moreover when load 
voltage passes through zero, the load current must 
pass through zero before the voltage wave, i.e. the 
load current must lead the load voltage by an angle 
6G as shown in Fig. 8.6. Recall the phasor diagam 
for RLC series circuit. From this phasor diagram, Fig. 8.6. Pertaining to Example 8.3 


Ni aKy 
= 





Yor Fund. comp. of voltage 


on 







=_-Fund. comp. of 
current 





tan 6= 


| Here Xe > xX, as the current is leading the voltage. Now (6/) must be at least equal to 
circuit turn-off time, ze. 1.5 x 10=15 usec, 


8 a 
in 15x 10 5 sec 


Now ) 10). 4 
01 10° Hz 
6 = 2n x 10* x 15 x 10° ® = 0,9424778 rad = 54° 
i 
tan 54° — =c—"* 
or Xo = 12.752764 = ——— 
2nx10°xC 
or C= 1,248 uF. 


8.2. FOURIER ANALYSIS OF SINGLE-PHASE INVERTER OUTPUT VOLTAGE 
the output voltage U, 1s shown in Fig. 8.1 (6) for a single-phase half-bridge inverter and 
2 i as (b ae a peer full-bridge inverter. These output or load voltage waveforms 
oO not depend on the nature of load. Voltage waveshapes of Figs. 8.1 (b) an ( nk 
resolved into Fourier series as under : ‘ = i a ae 


oy é : nn sin nwt volts ...(8.25) 
for single-phase half-bridge inverter and 
~ 4V, | 5 tad 
0" 2 nn sin nwt volts ...(B.26) 
for single-phase full-bridge inverter. 
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Here n is the order of the harmonic and w = 2nf is the frequency of the output voltage in 
rad/s. aa 
The load current i, can, therefore, be expressed as 


Oar 








BM ia tade | (8.27) 
i= >, me sin (nwt — >,) Amps 
n= 1,5, 5, «.:--. 
where Z,, = load impedance at frequency nf ; 
s 1/ | 
= i +| nal - ..(8.28) 
= (8.29) 
and phase angle 4, 1s >, = tan rad 


R 
The output, or load, current at the instant of commutation is obtained from Eq. (8.27) by 
putting wt =n. Its value is 
ip =I at ot =n rad 1 bce 
In case I, > 0, forced commutation is essential. If/, < 0, no forced commutation 15 ead 
and load asennncattion. as described for RLC underdamped load in Art. 8.1.2, can ber 
Tf Ip, =rms value of the fundamental component of load current, then the fundamental 
load power P,, is given by 
Poy = 101 R= Vor 201 8 9 
vyher = fund ntal output voltage. 
where V>, =rms value of fundamental ou +" ’ mA 
The bo cdidanetal output power Po, does the useful work in most of the applications a 
slactric motor drives). The output power associated with harmonic current does no usefu 
work and is dissipated as heat leading to rise in load temperature. | ewer 
Example 8.4. A single-phase half-bridge inverter has load R =2Q9. and dc sour 


—=]15V 
i nd diode 
(a) Sketch the waveforms for Up, load current ip;, currents through thyristor I ana at 


1 and voltage across thyristor T1. Harmonics other than fundamental pene are 
neglected. Indicate the devices that conduct during different intervals of one cycle. 


(b) Find the power delivered to load due to fundamental current. 
(c) Check whether forced commutation is required. | 
Solution. (a) The fundamental component of output voltage, from Eq. (8.25), 15 


2V, 


Uni = r sin dor 





The rms value of this voltage, | 
2x 230 


Voi — a ND = 103.552 V 
Vor 103.552 _ 51 ag A 
and the load current, iu=— = gee 51. 


The fundamental frequency component of load current is 
ip) = 51.776 V2 sin wt 
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Fig. 8.7. Pertaining to Example 8.4. 
The waveforms for the various voltages and currents are shown in Fig. 8.7. For resistive 
load, diodes do not come into conduction, therefore ip, is zero. When T1 conducts, v7) = 0. 
When T2 conducts, v7, = V, as shown. 


(b) Power delivered to load =J?, R = (51.776) x 2 = 5361.5 watts 


V . 
When T1 is conducting, power to load is delivered by upper source > and when T2 is on, 


lower source delivers power to load. 


=) 


a 


Power delivered by each source = 


Here I, = average value of fundamental component of source current over one cycle, . 
— 
T 
_N2 x 51.776 
mt 





= 
— 


= 23.304 A 
Power delivered by each source =115*x 23.304 

= 2679.96 watts 
Power delivered by both the sources 


= 2x 2679.96 
= 5360 W 


Power delivered by both the sources is equal to that consumed by the load. 
(c) As the diodes do not conduct, forced commutation is essential. 
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Example 8.5. For a single-phase full-bridge inverter, V,=230 V dc, T= 1 ms. The load 


consists of RLCineorias with RET Oon= 6 Gland = -72. 


(a) Sketch the waveforms for load voltage vo, fundamental component of load current 
ip}, Source current i, and_voltage across thyristor 1. Indicate the devices under conduction 
during different intervals of one cycle. 

(b) Find the power delivered to load due to fundamental component. 

(c) Check whether forced commutation is required or not. Take thyristor turn-off time as 
100 ws. 

Solution. (a) The load voltage waveform v, and its fundamental component vp, are shown 
in Fig. 8.8. 


—si03D4+ 





Fig. 8.8. Pertaining to Example 8.5. 
Rms value of load voltage, from Eq. (8.26), is 


of i Vek ee BO a 
Vor= aya t va 72071 
iA | | Vor 
Rms value of current, In = Fz 
: 
z. Von 
fl 2 1/2 
ie + (at -—= | 
207.1 207.1 
= ———__—_, = —— = 646A 
1/2 AT 
Pe tes ed ts 
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Ay = 
0, = tan. Lt 
== 45° 


The fundamental component of current [), as a function of time is 


© =tan7}(-1) 





to) = V2 Ip, Sin (we — 9) 
= \2 “UL sin (we + 45°) 
= 207.1 sin (av + 45°) 
Load current ip; and source current i, are plotted in Fig. 8.8 and the conducting 
components are also indicated. 


(b) Power delivered to load = 22, R= 2g xa 21.445 kW 


This must be equal to the power P, delivered by the source. 
P,=V,1, watts 
where J, = average value of the fundamental component of source current 
=1) a1 sin (wt + 45°) d (wt) 
* 01 


= aon {[— cos (cot + 45°)], = att : 





[2 cos 45°] =93.23 A 


P= 2B x 93,23 = 21.443 kW 
(c) Fig. 8.8 reveals that vy, is negative for some time before T3, T4 are triggered. Thus 
circuit turn-off time can be obtained from 


or a) . a 


led 


c 


= 0,125 ms = 125 jis 


| |S 
bo |r 


As voltage drop in diodes D1, D2 reverse biases T1, T2 for 125 us, which is more than 
the thyristor turn-off time of 100 us, no forced commutation is required. 
Example 8.6. A single-phase full-bridge inverter is fed from a dc source such that 


fundamental component of output voltage is 230 V. Find the rms value of thyristor and diode 
currents for the following loads : 


(fa)R=20 (6) R=2 0, A, =$ Q, Ac=69. 
Solution. (a) Rms value of fundamental component of load current 


Ip = = = 115A 


Fundamental component of output voltage vp, is shown in Fig. 8.9 (a). For resistive load, . 
load current waveform ip, and thyristor current i7, handled by T1 are also shown in Fig. 8.9 
(a). For R load, diode does not conduct, therefore diode current ip, is zero. From the waveform 
of i7;, rms value of thyristor current is 
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Fig. 8.9. Pertaining to Example 8.6." 


: lf? 
iH" pea a 
fait a \, (I, sin w¢) d 0) 


1/2 
= im i" (1-—cos 2 wt)-d wo) 
Orn | 29 * 





_ 2m _ 115 V2 _ 91.33 A 

oe 2 
Rms value of diode current, Ip,=0 

| 230 | 
lue | Ti = 81 SIT A 
(b) Rms value of load current, Jp; = 24 (8-6) 8. 
X, —X, 
=f 72h C — Aro 

Phase angle, >, = tan B 45 


For R=20,X,;=8Q and Xp = 6 Q, the fundamental component of load current lags os 
output voltage By “ise. this is shown in Fig. 8.9 (0). The thyristor-current ee a KE: ; 
diode-current waveform Lp; are also shown in Fig. 8.9 (5). It is observed from this figure the 
rms value of thyristor current 1s + 
Tay = ie I, (Le sin wr) 

ona 
le | sin 2 oot 
~ in fe Pa j 


1/2 
| - 0.476751, 
= 0.47675 x V2 x 81.317 = 54.818 A 


1 pnd spate %o mere 
Rms value of diode current, Ip;= il (I,, sin wt)” « @ (ay 


i - 0,1507025 I, = 0.1507025 x V2 x 81.317 = 17.328 A 
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As the load current i, does not change from positive to negative at an angle wf <1, no 
time is available for SCR to turn off ; forced commutation is therefore essential. 
Example 8.7. A single-phase full-bridge inverter has RLC load of R=4 Q, L =35 mH and 
C=155 uF. The de input voltage is 230 V and the output frequency ts 50 Hz. 
(a) Find an expression for load current up to fifth harmonic. Also, calculate 
(b) rms value of fundamental load current, 
(c) the power absorbed by load and the fundamental power, 
(d) the rms and peak currents of each thyristor, | | 
(e) conduction time of thyristors and diodes if only fundamental component were 
considered. 
Solution. (a) From Eq. (8.26), an expression for output voltage is 
| fro iy ea 
sin 3 of + —— sin 5 wt 
oT 5m 
eens sin ot + = sin Sat ++ sin 5 ot 
Tp 3 5 
= 992.85 sin 314¢ + 97.62 sin (3 x 314¢) + 58.57 sin (5 x 314) 
Load impedance at frequency n.f is 


= sin wot + 
I 











Un = 


| aint 
eR Ni 2 eae toe 
Bu Ae Lesa a ee SARTO 





and 
f= 4 +{11x3- 28 = 26.46 
and $, = tan” | S8= 2098/9 |. 81.3" 
Similarly, £,=51.05Q and 6,=85.5° 


Load current, from Eq. (8.27), is given by 


992.85 . ig yee ee 
lo = 50 945 sin (at + 67.25°) + 26 46 








sin (Smt — 81.3°) 


58.57 _. ele 
re 51 05 sin (6 wt — 85.5") 
= 28.31 sin (314 ¢ + 67.25°) + 3.689 sin (3 x 314¢ — 81.3°) 


+ 1.1473 sin (5 x 314¢ — 85.5°) 





(6) Rms value of fundamental load current, 


Ti, 26:31. i 
In = fg = fg = 20.02 A 
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(c) Peak load current | J | 
98 31° + 3.689" + 1.1473° =28.572 A 





28.572 
Rms load current Ja" 5 20.207 
Load power = (20.207)" x 4=1633.3 W 


Fundamental load power, 
Py, = 2, x R = (20.02)° x 4 = 1603.2 W 
(d) Peak thyristor current =I, =28.572A 


Rms value of thyristor current 
28.572 


= 
= 


=14.286A 





(e) Fundamental component of current 1s 
ip, = 28.31 sin (314¢ + 67.25") 

This current leads the fundamental voltage component by 67.25". This means that diode 
conducts for 67.25° and thyristor for 180 - 67.25 = 112.75" 

», Conduction time for thyristors 

112.75x 1 _, 

“ss0n91 0° 
_ 87.29% % _ 
~ 180« 314 © 

In case SCR turn-off time is less than 3.738 ms, load commutation will occur and no 
forced commutation will be required under the assumption of no harmonics. 
8.3. FORCE-COMMUTATED THYRISTOR INVERTERS 

For low-and medium-power applications, inverters using transistors, GTOs and IGBTs 
are becoming increasingly popular. However, for high-voltage and high-current applications, 
thyristors are more suitable. 


Conduction time for diodes 3.738 ms, 


In voltage fed inverters, thyristors remain forward biased by the de supply voltage. This 
entails the use of forced commutation for inverter circuits using thyristors. As stated earlier, 
forced commutation requires a precharged capacitor of correct polarity to turn-off an already 
conducting thyristor. A large variety of forced commutation circuits have been described in 
the technical literature. Here popularly used McMurray technique will be described leading 
to the discussion of two types of force-commutated inverters, viz Modified McMurray inverter 
and Modified McMurray-Bedford inverter. These are now described in what follows : 

8.3.1. Modified McMurray Half-bridge Inverter 

Load commutated voltage-source inverter has been discussed in the latter part of the 
Section 8.1.2. It is shown there that for obtaining load commutation in VSI, the load circuit 
must be underdamped, i.e. capacitive reactance of the load must be more than its inductive 
reactance. | 

The object of this section is to describe modified McMurray half-bridge inverter which is 
a current-commutated VSI. 


Fig. 8.10 shows a single-phase modified McMurray half-bridge inverter. It consists of 
main thyristors T1, T2 and main diodes D1, D2. The commutation circuit consists of auxiliary 
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Fig. 8.10. Power circuit diagram for a single-phase modified McMurray half-bridge inverter. 
thyristors TA1, TA2, auxiliary diodes DA1, DA2 ; damping resistor Ry, inductor L and 
capacitor C. Three-wire de supply is required and ac load is connected between terminals 
A and B as shown in Fig. 8.10. The function of capacitor is to provide the energy required for 
commutating the main thyristors. Inductance L, is for limiting di/dt to a safe value in main 
and auxiliary thyristors. As an auxiliary thyristor is used for commutating the main thyristor, 
this inverter is also known as auxiliary-commutated inverter. 

In the original inverter circuit given by McMurray, elements DA1, DA2 and Kz were not 
present, hence the circuit of Fig. 8.10 is now commonly known as the modified McMurray 
inverter. As three-wire de supply is required, as in Fig. 8.1, the term “half-bridge” is added 
to this inverter of Fig. 8.10. 

The following simplifying assumptions are made for this inverter : 

(i) Load current remains constant during the commutation interval. 

(iz) SCRs and diodes are ideal switches. 

(1t@) Inductor L and capacitor C are ideal in that they have no resistance. 

The operation of this inverter of Fig. 8.10 may be subdivided into various modes as follows: 

Mode 1: Thyristor T1 is conducting a constant load current Jp, i.e. i7, =I. Capacitor C 
is already charged to a voltage V, with right hand plate positive because of the commutation 
of previously conducting thyristor T2. In this mode, the equivalent circuit of this inverter is 
as shown in Fig. 8.11 (a). With Tl conducting, commutation circuit is passive in this mode. 

Mode II. Auxiliary thyristor TA] is triggered at t=0 to turn off the main thyristor T1. 
As TA] is fired, capacitor current i, starts building up through resonant circuit consisting of 
L, T1, TAl and C, Voltage drop across Tl reverse biases D1, current 2, can therefore flow only 
through T1 and not through D1. As J, is constant, an Increase in 1, causes a corresponding 
decrease in ip, so that i, =1,—i, (KCL at node B ), Waveforms of i,, ip, J, and v, are shown 
in Fig. 8.12 and equivalent circuit is as shown in Fig. 8.11 (6). At?, ¢, rises to 7, and therefore 
ip, = 0, As a result, main thyristor T1 is turned off at t,. 

Mode III. After ¢,, as resonant current i, exceeds Jy, the excessive current 1,.—Jg=tpy 
circulates through feedback diode D1, Fig. 8.11 (c). The voltage drop across D1 reverse biases 
T1 to bring it to forward blocking capability, When capacitor voltage v, discharges to zero, 
resonant current i, rises to peak value [.,, as shown in Fig. 8.12. After attaining J,,,1, begins 
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LOAD } 
— VY, + 


(a) Mode I, ¢< 0 (b) Mode II, o<t < ty, i¢ < Jp 
lo im=ic-To Io 





ae ee Cr 
(e) Mode III, i = Iq; ry ap< fy (ad) Mode IV, ia= lo: by <F< 0g 





(e) Mode V, ic < Ip and ig +ipg = 1p. ts <f< ta (f) Mode VI, ipa > Jo. t4<t < ts 





He Yo = 
(z) Mode VII, i, = 0, ine = to» be <t<ig \ _ 
Fig. §.11. Operating modes of modified McMurray inverter of Fig. 8.10. 


to decrease and in so doing, C begins to get charged in the reverse rece ne to, 4 ss ie 
I,. In case Ug is somewhat more than source voltage V, at to» diode D2 eet | : 
and starts conducting. In such a case, mode IV is absent ; otherwise mode IV : ows. aai 
Mode IV. After f>, as ic tends to fall below I, diode current ‘D1 becomes et > need 
therefore, stops conducting. Constant load current J) continues flowing throug a , i 
| C. Land load as shown in Fig. 8.11 (d). ee eine charges capacitor C linearly with rever 
slarity and at t,, uc is somewhat more than V,. | 
aN At pe ie uc becomes slightly more than V,, an examination of Fig. me oes 
that diode D2 gets forward biased and thus an alternate path for I, is provided. Load curr 
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Capacitor 
~~ current 1, 







4 tts tN _/'ts 







a i : i t 
_ eae ~~ — II TT a +--+ | Modes 

TAI DI | pio2 $} TAI DAI D2 
on oon | off on off. off off 
TI | fF yeT2.) (BAT ! T2 
Ve off a 1 | fired a ! ao 

| | t | | 

| _Capacitor voltage | 

Ve = Ve | Ve I ! 


Total commutation interval —————» 


Fig. 8.12. Voltage and current waveforms for inverter of Fig. 8.10, 
I, is now shared by resonant circuit and D2. Current through D2 flows through lower source 
V,/2, D2 and load. After fs, i¢ begins to decrease whereas ip, starts building up so that the 
sum of ig andip» is equal to Ih, i.e. i¢+ipg=J, (KCL at node B), Fig. 8.11 (e). The supply 
voltage V, through D2, is now impressed across the resonant circuit. The energy stored in 
L is transferred to C and as a consequence, capacitor is overcharged to a peak voltage 
Vin at £4. 

The main thyristor T2 is usually given the trigger pulse a VLC seconds after thyristor 
TA1 is fired, i.e. between the interval t, and ¢,. But T2 will not turn on because of the reverse 
bias applied to it by the voltage drop in D2. 

Mode VI. At t,, ipo rises to 7, and at the same time i, falls to zero. As i,¢ tends to reverse. 
TA1 is turned off at ¢,. Now u, > V,, capacitor C therefore discharges through R,, DA1, source 
voltage V,, D2, L and C, Fig. 8.11 (f). Note that current t- is now negative as it is flowing 
opposite to its positive direction. For a constant load current J,, KCL at node B gives 
ipg =i¢ +I), During this mode, ip, is more than Jp. 


The circuit traced by ic is usually critically damped so that ve gradually reduces to V,. 
At t;,i¢ becomes zero, v,=— V, and ip) =I). This is the end of mode VI and also the end of 
commutation interval. 

The voltage drop across R, and DA1 applies a reverse bias across TA1 and completes its 
commutation process. 

Mode VII. After t;, the circuit model is as shown in Fig. 8.11 (g). The decreasing load 
current i, = ip, becomes zero att, Main thyristor T2 is already gated on during ¢, — ¢, interval, 
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i.e. t VLC seconds after TA1 is fired. But it will not get turned on at this moment because of 
the reverse bias applied to it by voltage drop in D2 due to current ipo. At tg ip, = 0 and T2 is 
no longer reverse biased. Therefore, after ¢,, source voltage applies a forward bias across T2 
and the trigger pulse already applied to it turns it on. Load is now subjected to negative 
current as desired. Note that load was already subjected to negative voltage through D2 at 
t, at the commencement of its conduction. 

After t,, capacitor charged to voltage — V, (z.e. with the left plate positive) is ready for the 
next commutation process. The commutation process from T2 to Dl is identical to that 
described above. 

Design of commutating circuit components. For modes II and III of the modified 
half-bridge McMurray inverter of Fig, 8.10, the circuit parameters that come into play are 
L and C only. Therefore the commutation, or capacitor, current 1, during these two modes is 





given by 

L.=V, “| 7, 8in Qt= I.) SIN Wy t 
where ae C : 

L..=V.\= 

i 4 L (8.30) 

SS % = EE 
From Fig. 8.12, at t1,t,=Ip =I,, Sin Wp ty 
or t,= a sin tie] (8.31) 
“ep | 


Fig. 8.12 also reveals that 
Wp to = 1 — Wp ty =n —sin” (Ip/T,,) 
or tp =1/@) [n-sin ’ (Io/Ip)1 
Therefore, circuit turn-off time for main thyristor T1 is 
or t,=tg-t,= x [t-2 sin’ Zo /Iep)] ... (8.32) 


This time ¢, must be greater than the thyristor turn-off time t,, In practice, this condition 
can be realized by several different combinations of C and ZL as shown in Fig. 8.13 (a). The 


= 
a 
=e 
oe 





0.446} --------+--- 





(a) (0) 
Fig. 8.13. Pertaining to the choice of L and C for the inverter circuit of Fig. 8.10. 
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current commutation pulse i, that gives the required turn-off time with the minimum amount 
of capacitor energy = CV", is the optimum pulse. This can be achieved from Eqs. (8.31) and 
(8.32) as under. 





Bratt Ma bee og 140 
From Eq. (8.32), Pe a ae . | 
it Ie t Wp t. On i. 
on iz = sin Fe a, ie cos —5 
r ote 1 
Let —*=x so that cos ae we 
Ip 2 Mo 
174 sy) = oe ... (8.34) 
im ee 2 cos (1/x) a(x) 


The energy W that the commutating capacitor should provide for commutating the main 
thyristor 18 


W=5CVI=— Li 
Substituting the value of V,=Z,,,\ Fe from Eq. (8.30) in the above relation, we get 


He Veer HA LBs Lainey 
W=5 CV, Tip iC 2 LC Vt 


From Eq. (8.34), VLC = pe Substituting this value of VLC in the above relation, 
3 | 2cos  (1/x) 
we get : 
Es V2 cae t.- V,-%1y- 


5 2cos | (1/x) 4cos * (1/x) 
Here V, 1, ¢. has the dimensions of energy. In normalized form, the above relation is 
ee 
V, Int, 4cos!(1/x) 
On plotting A(x) against x from Eq. (8.35), it is found that normalized commutation energy 
h(x) has a minimum value of 0.446 when x= 1.5, Fig. 8.13 (6) 
From Eq. (8.34), g(x) =2 cos *(1/1.5) = 1.682 
The disign is carried out on the basis of worst operating conditions which manent of 
minimum supply voltage V,,,, and maximum load current J,,,. 


. From Eq. (8.30), Vian Wo =Lop=% Lom = 1.5 Lom 


fe 1.9 Jom 
a — = ———__ anak 36 
or 7. 7 (8.36) 


HEFL 
| 34) S te = te 
From Eq. (8.34), = 7x) * L682 


Multiplication of Eqs. (8.36) and (8.37) gives 


eS Pad ere 
C= 1° teZom _ 9.892% 
1.682 V,,, v.. 








...(8.37) 


(8.38) 
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} | | | V, 
From Eq. (8.36), ‘\/ L =- —“ . 
Multiplication of Eqs. (8.37) and (8.39) gives 

— te Vrain year, fe Mma | 


For critical damping of the resonant circuit consisting of A,, L, C in series in Fig. 8.10, 


From above, the value of resistance that gives critical damping is 


| E 
Ra=2VG 


8.3.2. Modified McMurray full-bridge inverter 

A single-phase modified McMurray full-bridge inverter is shown in Fig. 8.14, The number 
of thyristors, diodes and other components in full-bridge inverter is double of those in 
half-bridge inverter of Fig. 8.10. The operation of this inverter during commutation process 
is similar to that described in the previous section for a single-phase half-bridge inverter. For 
example, for mode I, thyristors T1, T2 are conducting and the load current completes its path 
through source V,, T1, load, T2 and back to source. For mode II, TA] and TA2 are triggered 
together for commutating main SCRs T1 and T2. For mode III, commutating current i, in 
both the circuits goes beyond load current J, so that Tl and T2 are turned off and so on. 


(8.41) 





Fig. 8.14, Single-phase modified McMurray full-bridge inverter. 

8.3.3, Modified McMurray-Bedford half-bridge inverter 

Power circuit diagram of a modified McMurray-Bedford half-bridge inverter is shown in 
ag , =— = = 


Fig, 8.15. It uses less number of thyristors and diodes 
as compared to modified McMurray half-bridge 
inverter, The number of capacitors and inductors is, ‘2 —L 
however, large. This inverter, Fig. 8.15, consists of main : 
thyristors Tl, T2 and feedback diodes D1, D2. 
Commutation circuitry consists of two capacitors C1, 
C2 and magnetically coupled inductors L1, L3. Actu ally 
L1 and L2 constitute one inductor with a centre tap so > 7 
that L1 = L2 = L. The inductance of this centre-tapped 





inductor is usually of the order of about 50uH. The 
inductor is wound on a core with an air gap so as to 
avoid saturation. The value of capacitance for the two 
capacitors is the same, i.e. Cl = C2 = C. The inverter 
of Fig. 8.15 is a voltage-commutated VSL 


© Wiki Engineering 





— . 
Fig. 8.15. Single-phase modified 
McMurray-Bedfored half-bridge 
inverter with L1 = L? = L 
and C1=C3=C. 
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Ane ora Peer eee ey coupled inductors in series with two thyristors, if 

: sdaesite turned on, the other conducting thyristor gets turned off. Thi sof 

commutation is called complementary c . sips Mey eels 2 eH eae a 
Page tertiary commutation. As a consequence. invert; wn in Fi 

8.15 is also known as complementary-commutated inverter ; crag igen te 
The simplifying assumpti . the same a thie i 

as & as ptlons are the same as for the inverter discussed in previous 


The working of this inverter can be explained in different modes as follows - 


a Meanie ns eee thyristor Tl is conducting and upper dc source supplies load current 
0 TF E. " 6 (a). As the load current is almost constant, voltage drop ACross 


yf 
commutating inductance J] ‘onaltol.7 22); as wg 
proportional to L1. at | 38 negligible. With zero voltage drop 
td sag b a b 
fi 
yr 
“2 : 2 ic + 
: Cl 1 











4+ — Le 





oar 
i eee ere 
= TTS hice °F Bi 
2 Cc? + Ve C3 ie 

[| _ % tr 
Ia = Si ATd 

(c) Mode Il, f=0+ a) ae = . Im 

; = Cil.r<f? 


1 





Fig. 8.16. Different modes for the inverter bPPipoadepefrom : ES are) 
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across Ll and T1, valtage across.Cl is zero and voltage across C2 is V, because point g is 
now effectively connected to point a through L1 and T1 and lower plate of C2 is connected to 
point f, The equivalent circuit for this mode is as shown in Fig, 8.16 (a). In this figure, voltage 
of node g with respect to point fis V,. The potential of points d and c is the same as that of 
point g with respect.to /. In other words, the potential of all the three nodes g, d, c with respect 
to point fis V,; this is shown in Fig. 8,17. 

Mode If, At ¢=0 -, thyristor T2 is triggered to initiate the commutation of Tl. With the 
turning-on of T2, point @ gets connected to e or f, i.e. to the negative supply terminal. Voltage 
across Cl and C2 cannot change instantaneously, therefore a voltage V, appears across L232, 
As L1 and L2 are magnetically coupled, an equal voltage is induced across L1 with terminal 
¢ positive. Voltage v,, across terminals of thyristor Tl can be found by traversing the loop 
bafedc, Fig. 8.16 (6) ; therefore 


a 
Un =Vie=+@ > +V,+V.=V, 


This shows that point ¢ is positive with respect to 6 by V, volts, t.e. Tl is subjected to a 
reverse voltage of — V, ; it is therefore turned off at f=0+. Load current J, flowing through 
Tl and L1 is at once transferred to L2 and T2 so as to maintain constant mmf (proportional 
to Ll, J) in the centre-tapped inductor as per the constant flux linkage theorem. Current 
directions for ¢,., t.9 are shown in Fig. 8.16 (c), KVL for the loop consisting of C1, C2 and the 
source V, for this figure pives 

- a J ty dt + = | tn.» dt — V, (voltage across C2) + V, (source voltage )=0 or 1, =1,». 

KCL at node g in Fig. 8.16 (c) gives 

Latta =Ipt+d 
or by =ba =Lp 

This shows capacitor Cl and C2 both carry current J, att=0+. Half of1,, flows through 
load and the other half through L2 ; same is true for i,. Fig. 8.16 (c). Now C1 is getting 
charged from zero voltage and at the same time C2 is getting discharged from V, at the same 
rate. As capacitor C2 is placed across L2, an oscillating current is set up in the closed loop 
formed by C2, L2 and T2. After one-fourth of a cycle, this oscillating current rises (initial 
value J,) to a maximum value of J,, in L2 and T2 and at the same time u,, across C2 falls to 
zero. At this moment, t.e. one-fourth of a cycle after the instant T2 is triggered, KCL at node 
gs, Fig. 8.16 (d), gives 

Loy + tog =L (load current) +J,, (current in L2 and T2) 
. ‘ l 0 +2 
OF Ey = 5.9 = 9 





This is shown in Fig. 8.16 (d). The variation of 1,,, t,o, 1, and i, from ¢ = 0 tof, is shown 
in Fig. 8.17. 

With the turning on of T2, voltage of node d drops to zero whereas that of node ¢ shoots 
up to 2V, with respect to node f at f£=0+, Fig. 8.16 (6), From t=0 tot,, voltage of node g 
drops to zero in one-fourth of a cycle of V, sin @)¢. Similarly, voltage of node c reduces from 
2V, to zero at 7, in one-fourth of a cycle, Fig. 8.17. 

Thyristor Tl is reverse biased until voltage of node c falls to V,, commutation time for 
T1 is therefore ¢, as shown in Fig. 8.17. 
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Fig. 8.17. Voltage and current wave-forms for the inverter of Fig, 8.15. 
For the circuit consisting of C2, L2 and T2, ringing frequency is 


1 
Op, = TC 
Periodic time Tyee oo og ATC 
fo WM 
TIA 
ty = eC = 7 VLC 


Here L is the inductance of L2 and C is the capacitance of C2. 
Circuit turn-off time f, < one quarter of a cycle 
or f.< ty 
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or t.< 5 VEC 


Mode III. At ¢,, capacitor Cl is charged to supply voltage V, and therefore no current 
can flow through C1, ie. i,,=0. After one-fourth of a cycle from t=0, Le. att, ¥.2=0. Just 
after t,, (Ip) +J,,)/2 through C2 tends to charge it with bottom plate positive. As aresult, diode 
D2 gets forward biased at ¢;. Thus, now entire current (Ip +J,,) 1s transferred to D2 so that 
both i, =i.9=0 just after ¢, but ipp =1,+J,, ; this is shown in the equivalent circuit of Fig. 
8.16 (e). Diode current ip, =I, +1, is also shown in Fig. 8,17. 

The energy stored in inductor L2 at ft, is dissipated in the closed circuit made up of L2, 
T2 and D2. At time ts, this energy is entirely dissipated, therefore current ty» decays to zero 
and as a result, T2 is turned off at ¢,, Fig. 8.17. Sometimes, a small resistance is included in 
series with the diode to speed up the dissipation of stored energy in L2. As tp, decays from 
I_, at t, to zero at tp, ipo also decays from Jy +J,, at ty to tpg = tq =ab atts 

Mode IV. When the current i, through L2 and T2 has decayed to zero the equivalent 
circuit is as shown in Fig. 8.16 (f). Aload current fy =ipg still continues flowing through the 
diode D2 as ino during (t,—¢») interval, Fig. 8.16 (/). 

Mode V. Finally, load current i, through the diode D2 and load decays to zero at f, and 
is then reversed, As soon as ip, equal to ipy tends to reverse, D2 is blocked. The reverse bias 
across T2, due to voltage drop in D2 no longer exists. Therefore, thyristor T2 already gated 
during the interval (t, —¢,) gets turned on to carry the load current in the reversed direction 
as shown in Fig. 8.17. The capacitor C1, now charged to the source voltage V,, Fig. 8.16 (e), 
is ready for commutating the main thyristor T2. 

The magnitude of commutating circuit parameters L and C, for minimum trapped energy, 
is given by 


L=2.35 Vsty AB 42) 
Pom 
 liaie Be 
and C =2.35 —— . (8.43) 
My 
where t, = thyristor turn—off time. 
and Ton = Maximum load current to be commutated. 


8.3.4. Modified McMurray-Bedford Full-bridge Inverter 


A single-phase modified McMurray-Bedford full-bridge inverter can be realized by 
connecting two half-bridge inverters as shown in Fig. 8.18. The various components required 





Fig. 8.18. Single-phase modified McMurray-Bedford full-bridge inverter. 


a © Wiki Engineering ee SS neance Tne Del 





Downloaded From : www.EasyEngineering.net 


Inverters : | | [Art. 8&4] 337 
are double of those in the half-bridge inverter of Fig. 8.15. The working of this inverter is 
similar to that described for half-bridge inverter in the previous section, For. example, for 
mode I, thyristors T1, T2 are conducting and load current flows through V,, T1, L1, load, L2, 
12. Voltage across C1, C2 is zero but C3, C4 are charged to voltage V,. For initiating 
commutation of T1, T2 ; thyristors T3, T4 are triggered. This reverse biases T1, T2 by voltage 
—V,, these thyristors are therefore turned off and so on. 


8.4. THREE PHASE BRIDGE INVERTERS 

| For providing adjustable-frequency power to industrial applications, three-phase 
inverters are more common than single-phase inverters, Three-phase inverters, like 
single-phase inverters, take their de supply frdm a battery or more usually from a rectifier. 

A basic three-phase inverter is a six-step bridge inverter. It uses a minimum of six 
thyristors. In inverter terminology, a step is defined as a change in the firing from one 
thyristor to the next thyristor in proper sequence. For one cycle of 360°, each step would be 
of 60° interval for a six-step inverter. This means that thyristors would be gated at regular 
intervals of 60° in proper sequence so that a 3-phase ac voltage is synthesized at the output 
terminals of a six-step inverter. . 

Fig. 8.19 (a) shows the power circuit of a three-phase bridge inverter using six thyristors 
and six diodes. As stated earlier, the transistor family of devices is now very widely used in 
inverter circuits. Presently, the use of IGBTs in single-phase and three-phase inverters is on 
the rise. The basic circuit configuration of inverter, however, remains unaltered as shown in 
Fig. 8.19 (6) for a three-phase bridge inverter using IGBTs in place of thyristors. A large 
capacitor connected at the input terminals tends to make the input dc voltage constant. This 
capacitor also suppresses the harmonics fed back to the source. 


In Fig. 8.19 (a) inverter using six thyristors, commutation and snubber circuits are 
omitted for simplicity. It may be seen from Figs. 8.1 and 8.19 that a three-phase bridge 
inverter consists of three half-bridge inverters arranged side by side. The three-phase load 
is assumed to be star connected. In Fig. 8.19 (a), the thyristors are numbered in the sequence 
in which they are triggered to obtain voltages v,;, v,., U,, at the output terminals a, b, c of the 
inverter. 

There are two possible patterns of gating the thyristors. In one pattern, each thyristor 
conducts for 180° and in the other, each thyristor conducts for 120°. But in both these patterns, 





Fig. 8.19. Three-phase bridge inverter using (a2) thyristors (5) IGBTs. 


D ] F .EasyEne1 ing.net 
= ownloaded Faas bagi eog aaa 








Downloaded From : www.EasyEngineering.net 


338 [Art. 8.4] ; ) ' Power Electronics 
gating signals are applied and removed at 60° intervals of the output voltage waveform. 
Therefore, both these modes require a six step bridge inverter. These modes of thyristor 
conduction are described in what follows - 


8.4.1. Three-phase 180 Degree Mode VSI 


_In the three-phase inverter of Fig. 8.19, each SCR conducts for 180° of a cycle. Thyristor 
pair in each arm, i.e. T1, T4 ; T3, T6 and T5, T2 are turned on with a time interval of 180°. 


/>— 180° ——+p=— 180° —wy 









0° 60° 120° 180° 240° 300° 360° 60° 120° 180° 240° "300° 360° : 
Steps {| I ; ain iyviu | | : I | 1 wr | 


|5,6,1 16121123 123213.451 456 5,61 (6.1.2, 1.23 12,3,61 3,451 4,56 Conducting 
thyristors 





7 ce = x 





(a) 


(b) 


Fig. 8.20. Voltage waveforms for 180° mode 3-phase VSI. 
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It.means that T1 conducts for 180° and T4 for the next 180° of a cycle. Thyristors in the upper 
group, te. Tl, T3, T5 conduct at an interval of 120°. It implies that if Tl is fired at wt = 0°, 
then T3 must be fired at wt = 120° and T5 at wf = 240°. Same is true for lower group of SCRs. 
On the basis of this firing scheme, a table is prepared as shown. at the top of Fig, 8.20. In 
this table, first row shows that Tl from upper group conducts for 180°, T4 for the next 
180° and then again T1 for 180° and so on. In the second row, T3 from the upper group is 
shown to start conducting 120°after Tl starts conducting. After T3 conduction for 180°, T6 
conducts for the next 180° and again T3 for the next 180° and so on. Further, in the third 
row, TS from the upper group starts conducting 120° after T3 or 240° after Tl. After T5 
conduction for 180°, T2 conducts for the next 180°, T5 for the next 180° and so on. In this 
manner, the pattern of firing the six SCRs is identified. This table shows that T5, T6, T1 
should be gated for step I ; T6, T1, T2 for step II ; T1, T2, T3 for step III ; T2, T3, T4 for step 
IV and so on. Thus the sequence of firing the thyristors is Tl, T2, T3, T4, T5, T6 ; Tl, T2.... 
it is seen from the table that in every step of 60° duration, only three SCRs are conducting-one 

_ from upper group and two from the lower group or two from the upper group and one from 
the lower group. 

The circuit models for step I-IV are shown in Fig. 8.21. During step I, thyristors 5, 6, 1 
are conducting. These are shown as closed switches and non-conducting SCRs 2, 3, 4 as open 
switches in Fig. 8.21 (a). The load terminals a and ¢ are connected to the positive bus of de 
source whereas terminal 6 is connected to the negative bus of dc source, Fig. 8.21 (a). The 
load voltage is v,,=v,, = V, in magnitude. The magnitude of line to neutral voltage can be 
obtained as under : 


During step I, O< wt < =, Fig. 8.21 1a), thyristors conducting 5, 6, 1. 





V 9 V 
Current, 7 ee 
Zz + é Be 
2 
The line to neutral voltages are 
| Se ey 
Vag = Yen = FY 2 - 3 
2V; 





- ee 8 eat SS 7 Vs ZV, 
The above line to neutral voltages may be written as Ugo = Usp = Ai and Up) =— 73° These 
2 voltages are shown in Fig. 8.20 (a) during step I. For the next step II, the line to neutral 
voltages are as under : 


During step II, 3s wt < = Fig. 8.21 (6), thyristor conducting 6, 1, 2. 
. . , 2 re 
Curre t. —— 
nit, bo 3 7 - 
= E # ae Vi 
Yao ='2 =a 5 Von = Yo = tag = Q 
2V, V. 
ee Yad = a > Yao. = Yen =~ Ta 
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These output voltages are plotted in Fig. 8.20 (a). In at se ene ree 

pte btained in Fig. 8.21 up to step 1V ane simile’? other steps, 
voltages U,, Ubor Veo 48 obtained in Fig. 8 | Potent) Gok 
ea in Fig. 8 20 (a). It is clear that for each cycle of output voltage of each phase, six steps 
are required and each step has a duration of 60°. 


Step I 


C t 
(a) O—60° ; 5, 6, 1 closed. 


Step ll 


c . 
| (b) 60—120° ; 6, 1,2 closed. 
Step Ill C 
| 





c 
| | (c) 120—180° ; 1, 2, 3 closed. 
| | 
| Step IV 





i po a «tS J Vero = Ven a V,/3 
(d) 180—240° ; 2, 3, 4 closed. ; verter with a balanced 
i 1. Equi st circuits for a 3-phase six-step 180° mode invert : . 
| Pig. 821, Bauer star-connected load. 
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The line voltage v,,=v,,+Uo, OT Voh =Vao — Up, 18 Obtained by reversing v,, and adding it 
(6 v,, as shown in Fig. 8.20 (6). Similarly, line voltages v,,=v,,—U,) aNd Ug = Ugg — Vaq ae 
plotted in Fig. 8.20 (8). ‘ 

The three rows in the top of Fig. 8.20 also indicate the pattern of gating signal waveforms. 
At @f =n, when 1,, 1s removed, Tl is turned off and simultaneously z,, is applied to turn on 
T4, Similarly, at wf = 2/3, when 1,, is cut off, T6 is turned off and at the same instant J,, 15 
applied to turn on T3. Same is true for other thyristors. 

It is seen from Fig. 8.20 that phase voltages have six steps per cycle and line voltages 
have one positive pulse and one negative pulse (each of 120° duration) per cycle. The phase 
as well as line voltages are out of phase by 120°. The function of diodes D1 to D6 is to allow 
the flow of currents through them when the load is reactive in nature. 

The three line output voltages can be described by the Fourier series as follows : 
4V 


ink 





U4 = ye ——~ cos “sin n(oot + 1/6) A844) 
n=1,3,5, 
4V | , 
v= ¥ — cos sin n(wt — 1/2) (8.45) 
/ nn 6 
n=l, 3,65, 
— 4V, nn 51 | 
Ue — cos — sin nm ot +— (8.46) 
Ven ke aT cos 6 sn fo Fs 


3n 
6 
given by Eqs. (8.44) to (8.46). 


The line voltage waveforms shown in Fig. 8.20 represent a balanced set of three-phase 
alternating voltages. During the six intervals, these voltages are well defined. Therefore, 
these voltages are independent of the nature of load circuit which may consist of any 
combination of resistance, inductance and capacitance and the load may be balanced or 
unbalanced, linear or nonlinear. 


For n= 3, cos — =0. Thus, all triplen harmonics are absent from the line voltages as 


Fourier series expansion of line to neutral voltage v,, in Fig. 8.20 is given by 





en LN; | 
ee i> * sin nat ...(8.47) 
. An 
n=6%+1 
where SU ae 


For a linear star-connected balanced load, phase or line currents can be obtained from 
Eq. (8.47). Expressions similar to Eq. (8.47) can be written for v,, and v,, by replacing wt by 
(ct — 120°) and (wt — 240°) respectively. 

In Fig. 8.21, load is assumed star connected and three phase and line voltages are obtained 
as shown in Fig. 8.20. For a delta connected load also, phase or line voltage waveforms 
Usb» Vier Veg &S8 Shown in Fig. 8.20 would be obtained directly. Therefore, for a linear 
delta-connected load, phase and line currents can be obtained from Eqs. (8.44) to (8.46), From 
Eq. (8.44), rms value of nth component of line voltage is 


tS ‘_ con A848) 
Vin Janno" & | 
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Rms value of fundamental line v oltage, 
5 he | V (8.49) 
— — cee See q 7 7 one a 4 
Mit Jo cp cos 5 0.779 4 


It is seen from line voltage waveform u,, in Fig. 8.20 (a) that line voltage is V, from 0 
to 120°. Therefore, rms value of line voltage Vy 1s 


1/2 
- ons 
_|1 Vedot)| =A/2 V,=0.8165 V (8.50) 
vin|2J, via.w0| =\Wa V.=0 ; 
Rms value of phase voltage V, is 
Vi _ 2 y 94 (8.51) 
=—2=—— V_=0.4714 V sa) 
Vp = 73 3 V,=0.4 ' 


Rms value of fundamental phase voltage, from Eq. (8.47), 1s 


te 502 V,=—2 ...(8.52) 
Vai lon 0.4502 V,= Ja 


8.4.2. Three-phase 120 Degree Mode VSI 


The power circuit diagram of this inverter is the same as that shown in Fig. ree 
the 120-degree mode VSI. each thyristor conducts for 120° of a cycle. Like 180 mS e, ae 
mode inverter also requires six steps, each of 60° duration, for completing one cycle of the 
output ac voltage. 


Fai this inverter too, a table giving the sequence of firing the six thyristors Sa 
as shown in the top of Fig. 8.22. In this table, first rows shows that Tl conducts ae ms a 
for the next 60°, neither Tl nor T4 conducts. Now T4 is turned on at a = 180 and 1 4 er 
conducts for 120°,2.e. from mf= 180" to wt =300°. This means that or interv | : a 
wt — 120° to wt = 180°, series connected SCRs do not conduct. At a = 800°, T4 | ee oe T 
then 60° interval elapses before T1 is turned on again at ot = 360°, In the See z 
turned on at wt = 120° as in 180° mode inverter. Now TS conducts tor ze0 , then 2 in arc 
elapses during which neither T3 nor T6 conducts. At cot = 300°, T6 is turned i * ae ucts 
for 120° and then 60° interval elapses after which T3 1s turned on again. ay , me ee 
also completed similarly. This table shows that T6, T1 should be gated for step I; a = ies 
step II ; T2, T3 for step III and so on. The sequence of firing the six thyristors - ne a 
as for the 180° mode inverter. During each step, only two thyristors conduct for | . myer : 
— one from the upper group and one from the lower group ; but in 180 mode inverter, three 
thyristors conduct in each step. 


The circuit models for steps I-IV are shown in Fig. 8.23, where load 1s eg oe ae 
resistive and star connected. During step I, thyristors 6, 1 are conducting and as a = 
terminal a is connected to the positive bus of de source whereas terminal 6 is ee e 7 0 
negative bus of de source, Fig. 8 93 (a). Load terminal c is not connected to de bus. The line 
to neutral voltages, from Fig. 8.23 (a) are 


re ¥, 
Yao = g? Uob = 2 
, V; 
or tis oO 
and U., = 0 


© Wiki Engineering OW eee or react ene 





é | 
Downloaded From : www.EasyEngineering.net 


] Inverters ‘ | [Art. 8.4] 












Foy | A J 
6 WA" W186 WA 13 WZ 
WZA_2 WA 8 WA 12 Wi 


| ——— 
0” 60° Vo 0" 240° 300° 360° 60° 120° 180° 240° 300° 360° 


Steps|| I | i | ye wit Limi we iw | 


Conducting); | | | 
thyristors | | 2 | irae eh ci fa 12 |2.913614,515,6 16,1 
ers] rx, 
| 





| 
| 
Y 





Fig. 8.22. Voltage waveforms for 120°mode six-step 3-phase VSI. 
These voltages are shown in Fig. 8.22 (a) during step I of 0° — 60°. For step II, thyristors 
I, 2 conduct and load voltages are v,,=V,/2, v,,=—-V,/2 and v,,=0, Fig. 8.23 (6) ; these 
voltages are plotted in Fig. 8.22 (a). This procedure is followed for obtaining load voltages for 
the remaining steps and these phase voltages are then plotted in Fig. 8.22 (a). 


The line voltages Di, eu. = Up, 
Ube = Vho ~ Veo 
and Use = Uig Var 


are also plotted in Fig. 8.19 (5). 

It is seen from Fig. 8.22 that phase voltages have one positive pulse and one negative 
pulse (each of 120° duration) for one cycle of output alternating voltage. The line voltages. 
however, have six steps per cycle of output alternating voltage. 

As stated before, the three rows in the top of Fig. 8.22 indicate the pattern of gating signal 
waveforms. 

The merits and demerits of 120-degree mode inverter over 180-degree mode inverter are 
as follows : 
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Step I 








Uso = V5/2 
Upp =— We/2 and Upp =0 





C | 


(a) 0—60° - 6, 1 closed 








Step II 
y _ al 
7 eA 3° 5 
y * ? 
SMe 2 
3 | Uno = V5/2 


; ar -=—YV/2 and u,z,=9 
(b) GO—120° ; 1, 2 closed Yeo sf bo 


Step Ill 





Ubho =V/2 
Usp =— V,42 and v,,=0 


(c) 120—180* ; 9. 3 closed 


Step IV 
i 











Uno = V,/ 2 
; 3, 4 closed Vao=— V—/2 and Veg = 0 
3-phase six-step 120° mode inverter with balanced 
star-connected resistive load. | 
when gate signal i,; is cut-off to turn off T1 at we Boe 
| same leg. In practice, a 


Cc , 
(d@) 180—240° 
Fig. 8.23, Equivalent circuits for a 


(i) In the 180° mode inverter, | ! 
gating signal 1,4 is simultaneously applied to turn on T4 in the 
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commutation interval must exist between the removal of i,, and application of 1,,, because 
otherwise de source would experience a direct short-circuit through SCRs T1 and T4 in the 
same leg. 


This difficulty is overcome considerably in 120-degree mode inverter. In this inverter, 
there is a 60° interval between the turning off of Tl and turning on of T4. During this 60° 
interval, Tl can be commutated safely. In general, this angular interval of 60° exists between 
the turning-off of one device and turning-on of the complementary device in the same leg. 


‘This 60° period provides sufficient time for the outgoing thyristor to regain forward blocking 


capability. 

(tt) In the 120° mode inverter, the potentials of only two output terminals connected to 
the de source are defined at any time of the cycle. The potential of the third terminal, 
pertaining to a particular leg in which neither device is conducting, is not well defined ; its 
potential therefore depends on the nature of the load circuit. Thus, the analysis of the 
performance of this inverter is complicated for a general load circuit. For a balanced resistive 
load, the potential of all the three terminals is, however, well defined. This is the reason load 
is assumed resistive in Fig. 8.28. For a balanced delta-connected resistive load, the line 
voltages as shown in Fig. 8.22 (6) are obtained directly. 


The Fourier analysis of phase voltage waveform v,,, of Fig. 8.22 (a) is 








ay ~* cos s sin nt (at + 71/6) (8.53) 
n=1, 3, eo 
a -- 2V, rit 3 | 
Similarly, Un, = we Tq (08g Sinn (ot — 1/2) ...(8.54) 
weiyih oon 
ic oe BV: 5r 1 oat oe 
and Veg = » a “ inn (a + 3 . (8.55) 
nail d. 6, .. 
The Fourier analysis of line iolteia waveform u,, of Fig. 8.22 (6) is 
zor anaes) : 
Ub = » — sin n.| wt += (8.56) 
n=6ki1 4a 3 
where k=0, 1, 2, 3... 


Similar expressions for v,. and v,, can also be written. 

Rms value of fundamental phase voltage, from Eq. (8.53), is 
Ver=— = = 0.3898 V 
vol V2." * COS 6 =U, : (8.57) 


Rms value of phase voltage, 
1/2 


5 
ly pan/3 (yy 2. \ a 
v-[ J, | 5 d(ot)| =\2-—=72=0.4082V, (8.58) 


Rms value of fundamental line voltage, from Eq. (8.56), is 


3V, 
Vin = Te. = 0.6752 V, =3 V,, ..(8.59) 
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Rms value of line voltage, 
V 
Vi= N38 V, =p = 0.7071 V, .. (8,60) 


Example 8.8. A three-phase bridge .nverter delivers power to a resistive load from a 450 
V de source. For a star-connected load of 10 Q per phase, determine for both (a) 180° mode 
and (b) 120° mode, 

(t) rms value of load current 

(it) rms value of thyristor current 

(itt) load power. 

Solution. For a resistive load, the waveform of load current is the same as that of the 
applied voltage. In view of this, waveforms of phase-load current and thyristor current are 

as shown in Fig. 8.24 (a) for 180° mode operation and in Fig. 8.24 (6) for 120° mode operation. 





| 2n 7 on wt 
(a) ; (b). 
Fig. 8.24. Pertaining to example 8.8 (a) 180° mode (6) 120° mode. 
(a) 180° mode : Upper waveform of Fig. 8.24 (a) shows that rms value of per-phase load 
current J, is given by 


i_| 





| ) \ 
, |i") x (2V, n (Ve) 
(4) =+(3) Fol 3| 
1/2 
|( 450 2 fax450% 1] = io, 
[ec] «3+ (Bean | «| =V350 = 18.708 A 


Rms value of thyristor current is 


1/2 
7 -|1.|(_450_) 20 | (2.450) <3 
ML’ |2n (|3x10} ~ 3 | 3x10 3) 


= 7175 =13.229A 
Power delivered to load 
=3]* R=3 (V350)°x 10=10.5kW 
(b) 120° mode : Upper waveform in Fig. 8.24 (b) gives rms value of per-phase load current 
I,, a8 under : 











1/2 
1 (.450..\) 22n|'\ CAieeee so ania 
reels es] * 3 = ¥337.5 =18.371A 
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Rms value of thyristor current, 





L/2 
, _| 1 (450 ¥ _ On | 
in=| 2 2x10) * s aero 


Load power =3 27 R=3 (V337.5)" x 10 = 10.125 kW 


8.5. VOLTAGE CONTROL IN SINGLE-PHASE INVERTERS 

AC loads may require constant or adjustable voltage at their input terminals. When such 
loads are fed by inverters, it is essential that output voltage of the inverters is so controlled 
as to fulfil the requirement of ac loads, Examples of such requirements are as under: 
_ _ (1) An ac load may require a constant input voltage though at different levels. For such 
a load, any variations in the dc input voltage must be suitably compensated in order to 
maintain a constant voltage at the ac load terminals at a desired level. 

_ (tt) In case inverter supplies power to a magnetic circuit, such as an induction motor, the 
voltage to frequency ratio at the inverter output terminals must be kept constant. This avoids 
saturation in the magnetic circuit of the device fed by the inverter. 

The yarious methods for the control of output voltage of inverters are as under : 

(a) External control of ac output voltage | | 

(6) External control of de input voltage 

(c) Internal control of inverter. 

The first two methods require the use of peripheral components whereas the third method 
, Fequireg no peripheral components. These methods are now briefly discussed. | 

§.5.1. External Control of ac Output Voltage 

There are two possible methods of externa oO! output volt i : 
ee ccre ie ree oe eee control of ac output voltage obtained from 

(a) AC voltage control 

(6) Series-inverter control 

These are now discussed briefly. 

(a) AC voltage control : In this method, an ac voltage controller is inserted between the 
output terminals of inverter and the load terminals as shown in Fig. 8.25, The voltage input 
to the ac load is regulated through the firing an gle control of ac voltage controller. This method 
gives rise to higher harmonic content in the output voltage ; particularly when the output 
voltage from the ac voltage controller is at low level. This method is, therefore, rarel 
employed except for low power applications. ae, 


[Inverter . 


Fig. 8.25. External control of ac output voltage. 


(5) Geries-inverter control : This method of voltage control involves the use of two or 
more inverters in series. Fig. 8.26 (a) illustrates how the output voltage of two inverters can 
be summed up with the help of transformers to obtain an adjustable output voltage. In this 
figure, the inverter output is fed to two transformers whose secondaries are connected in 
series. Phasor sum of the two fundamental voltages Vo1, Voz gives the resultant fundamental 
voltage V, as shown in Fig. 8.26 (b). Here V, is given by 





Constant 
de voltage 





fe 
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J nverter-t} 


4 inverter-IL|_ 


(a) (b) 
Fig. 8.26. Series inverter control of two inverters. 


it is essential that the frequency of output voltages Voi, Voz from the two inverters is the 
same. When 0 is zero, Vp = Vo; + Voz and for 0 = 1, Vo = 0 in case Vo; = Vo: The angle 6 can be 
varied by the firing angle control of two inverters. The series connection of inverters, called 
multiple converter control, does not augment the harmonic content even at low output voltage 
levels. 

3.5.2. External Control of dc Input Voltage 


In case the available voltage source is ac, then de voltage input to the inverter is controlled 
through a fully-controlled rectifier, Fig. 8.27 (a) ; through an uncontrolled rectifier and a 
chopper, Fig. 8.27 (6) ; or through an ac voltage controller and an uncontrolled rectifier, Fig. 
8.27 (c). If available voltage is de, then de voltage input to the inverter is controlled by means 
of a chopper as shown in Fig. 8.27 (d). 

Input voltage-control techniques shown in Fig. 8,27, in which de voltage input to inverter 
is controlled by means of components external to the inverter, has the following main 

























advantage. 
Constant | Fully contrall- | | Controlled | Controlled 
) = anaes | Filter | i Inverter 
ac voltage} ed rectifier de voltage | ac voltage 
(a) 
Constant | Uncontrolled| Controlled 









Inverter 





| ac voltage 
se Controlled rds tas 
| Se ae ert 
mer Tde voltage | ll 
| 


Fig. 8.27. External control of de input voltage to inverter ; (2), (b) and (c) with ac source on the input : 
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(t) Output voltage waveform ard its harmonic content are not affected appreciably as the 
inverter output voltage is controlled through the adjustment of de input voltage to the 
inverter. 

This method of voltage control, however, suffers from the following disadvantages : 

(t) The nutaber of power converters used for the control of inverter output voltage varies 
from two to three, Fig. 8.27. More power-handling stages result in more losses and reduced 
efficiency of the entire scheme. 

(i) For reducing the ripple content of de voltage input to the inverter, filter circuit is 
required in all types of schemes shown jn Fig. 8.27. Filter circuit increases the cost, weight 
and size and at the same time reduces efficiency and makes the transient response sluggish. 


(zz) As the de input is decreased, the commutating capacitor voltage also decreases. 

This has the effect of reducing the circuit turn-off time|#=C 7| for the SCR for a constant 
load current. Therefore, for a large variation of output voltage for a constant load current, 
control of de input voltage is not conducive. This difficulty can, however, be overcome by a 
séparate fixed de source for charging the commutating capacitor, but this makes the scheme 
costly and complicated. 

8.5.3. Internal Control of Inverter 

Output voltage from an inverter can also be adjusted by exercising a control within the 
inverter itself. The most efficient method of doing this is by pulse-width modulation control 
used within an inverter, This is discussed briefly in what follows. 

Pulse width modulation control. In this method, a fixed de Input voltage is given to 
the inverter and a controlled ac output voltage is obtained by adjusting the on and off periods 
of the inverter components. This is the most popular method of controlling the output voltage 
and this method is termed as pulse-width modulation (PWM) control. 

The advantages possessed by PWM technique are as under : 

(t) The output voltage control with this method can be obtained without any additional 
components. 

(it) With this method, lower order harmonic can be eliminated or minimised along with 
its output voltage control. As higher order harmonics can be filtered easily, the filtering 
requirements are minimised. 

The main disadvantage of this method is that the SCRs are expensive as they must 
possess low turn-on and turn-off times. 

PWM inverters are quite popular in industrial applications, these are therefore discussed 
in detail in the next section. 

8.6. PULSE-WIDTH MODULATED INVERTERS 

PWM inverters are gradually taking over other types of inverters in industrial 
applications. PWM techniques are characterised by constant amplitude pulses. The width of 
these pulses is, however, modulated to obtain inverter output voltage control and to reduce 
its harmonic content. Different PWM techniques are as under { 

(a) Single-pulse modulation ) (6) Multiple-pulse modulation 

(c) Sinusoidal-pulse modulation. 

In PWM inverters, forced commutation is essential. The three PWM techniques listed 
above differ from each other in the harmonic content in their respective output voltages. 
Thus, choice of a particular PWM technique depends upon the permissible harmonic content 
in the inverter output voltare : 
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In industrial applications, PWM inverter is supplied from a diode bridge rectifier and an 
LC filter. The inverter topology remains the same as in Fig. 8.2 (a) for a single-phase inverter 
and in Fig. 8.19 for a three-phase inverter. But now the devices are switched on and off several 
times within each half cycle to control the output voltage which has low harmonic content. 


In the following lines, the basic principles of PWM techniques for single-phase inverters 
are illustrated and then the methods of obtaining such output voltages are considered. 
8.6.1. Single-pulse Modulation 
a The output voltage from single-phase full-bridge inverter is shown in Fig. 8.28 (a). When 
this waveform is modulated, the output voltage is of the form shown in Fig. 8.28 (b). It consists 
of a pulse of width 2d located symmetrically about m/2 and another pulse located 
symmetrically about dn/2. The range of pulse width 2d varies from 0 to m: i.e. 0 < 2d <n. The 
output voltage is controlled by varying the pulse-width 2d. This shape of the output voltage 
wave shown in Fig. 8.28 (6) is called quasi-square wave, 
Fourier analysis of Fig. 8.28 (b) is as under : 
A =2 ‘ig, aan ee era ft GEIR 2 
Rae es V, sin nwt: d (ot) = Tn | Sif 5 Sin nd ...(8.61) 
Positive and negative half cycles of vg in Fig. 8.28 (6) are symmetrical about 2/2 and 
3n/2 respectively. In addition, these half cycles are also identical. As a result, coefficient 
5, = 0. Thus the waveform of Fig. 8.28 (6) can be described by Fourier series as 





~~ 4V¥V _omnn 
Ug = ¥ : = sin a Sin nd sin nit ... (8.62) 
A=1,35.6 : 
r 





or Uy == = * [sin d sin of — 5 sin 3 d@ sin 3 wt + a sind sin 5 of......) ...(8:63) 


O 
When pulse width 2d is equal to its maximum value of n radians, then the fundamental 
component of output voltage, from Eq. (8.63), has a peak value of 
| aV, 
"Om = ., (8.64) 
For pulse width other than 2d =n radians, the peak value of fundamental component, 


SY oyproiy : 
from Eq. (8.63), is = sin d. 








Pulse width (2d) in degrees —» 


< (6) (c) 
Fig. 8.28. (a), (6) Single-pulse modulation (SMP) (c) Harmonic content in SPM. 
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If nd is made e prt oe nw its oe 
equal to nord =", or if pulse width is made equal to 2d —_ Eq. (8,62) 
= 


shows that nth harmonic is eliminatec 
Irae oi ane inated from the inverter out t ) | 
eliminating third harmonic, pulse width of 2d must be equal cheat SP issaruple, Soe 


The peak value of nth harmonic, from Eq. (8.62), is 


4V 
a ee 
CFL nit Sin na (3,65) 
From Eqs. (8.64) and (8.65), “02 _ sinnd 
Voin ii fn (8.66) 


tee. ak Sp) — aia the peak value of the fundamental component of rectangular 
mor a ee ks cree 2a = %. The ratio as given by Eq. (8.66) is plotted in Fig. 8.28 (c) 
eae ddians sseiae 4 - n = (plot of sin 3¢/3), n =5, 7 for different pulse widths. It is ae: 
aiiplitude sb teiee i a when fundamental component is reduced to 0.5 for 2d = 60° nt 
oe ae si larmonic 1s — sin 90=0.33. When fundamental component is reduced a 
This oa Sere harmonics (3, 5, 7) become almost comparable to the fundamental 
idactieed tack, Ss method of voltage control, a great deal of harmonic co; tent <n 

| © in the output voltage, particularly at low output voltage levels woe 


The rms value of output voltage, from Fig. 8.28 (6). is 
#2 


: : i r 
v,-=| Ye eer og)” 
& (8.67) 


8.6.2. Multiple-pulse Modulation 

This method of pulse modulation ; ba 

i ia bse Modulation is an extension of sin le- . . ty 
Mew (MPM), several equidistant pulses fie Eirevtie ee eaghee 
- oe Hoste aaatcey: Vien ae nwo symmetrically spaced pulses per half cycle, Fig. 8 99 (a) 3 
SSOAESEEA fia x #; a 18 figure, pulse width is taken half of that in Fig. 8 28 ( b) but the i 
are equal to that given in Bo oem at rms values of pulses in Figs. 8.28 (b) and 8.29 (a) 
ae | | q- (8.67). For the waveform of Fig. 8.29 (a), Fourier constants are 





0 
9g plrtd/2) 
i y-d/a) “s Sin naw - d(at) . 2 


ee eee 
A,==| Ug Sin nwt - a(t) 


The use of factor 2 in the ab i 
sean ~ above expression accounts for the two pulses from 0 to xin Fig. 





(a) | 
fog ” (0) 
Fig. 8.29. Symmetrical two-pulse modulation pertaining to MPM. 
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ay, Gd eee agin ...(8.68) 
A |cos n we og ne ee 





As in Fig. 8.28 (b), B, =0 in Fig, 8.29 (a) also. 


Therefore, the waveform of Fig. 8.29 (a) can be described by Fourier series as 





Sie Oe sannynin eit (8.69) 
v= > ~~ sinnysin“> sin not 
BV, ad l bad | 
&V 5 i a 5 1 i 7 of = 7 i Sal Li : & ae | in Hot +... 
or vo= [sin Y8in 5 sin at + 5 sin 3 sin 3 sin 3 wi +> sin 5y sin 9 8 


(8.70) 
The amplitude of the nth harmonic of the two-pulse waveform of Fig. 8.29 (a), from Eq. 
(8.69), 15 
‘ 0 


BV, . _ nd a 
v,=—_ sin ny: sin .A8.71) 


Eg. (8.71) shows that magnitude of v, depends upon and d. 'This expression also shows 
that when y= * or d= 2h nth harmonic can be eliminated from the output voltage. But this 
has the effect of reducing the fundamental component of output voltage. For cng ee | 
pulse width 2d = 72° for single-pulse modulation of Fig. 8.28 (b). Then, from Eq. (8.69), the 
peak value of fundamental voltage component 15 

Ugim = “ sin 36° = 0.7484 V,,. 


For two-pulse modulation and pulse width d = 36°. 7 in Fig. 8.29 (a), is 
180-72. 72 
¥= : “1 4 5 





3 
Snead ye (8.72) 
or in general. {= 3 ON 


Eq. (8.72) is valid in case pulses of equal width are symmetrically spaced. Here N is the 
number of pulses per half cycle. Lees 
Eq. (8.72) can also be obtained by referring to Fig. 8.29 (6). For N | pulses per hal ae 
there are (N +1) intervening equidistant spaces, each of width 6, as shown in Fig. 8.2 : 
Note that for these equidistant spaces, Up = 0. Total width of these (N + 1) equidistant spaces 
=(N +1) 6, =(n—- width of N pulses) = (m — 2d) 
ti 2d 
N+1 
Fig. 8.29 (b) shows that 0, = half of the pulse width = 





< This figure also reveals that 
y= 9, + 82 
_n-2d dd 
Y"N+1 .N | 
Peak value of fundamental voltage component, from Eq. (8.71). 15 


8.72) 
or 


BV Re es 
Voim =~ Sin 54 sin 18° = 0.637 V,. 
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It.is seen fr | 7 | 
fei aa eee a fundamental component of output voltage is lower (0.637 V.) 
phe oeraaae cee! anion than it is for single-pulse modulat = Ber ae bee ee Ee 
thatctars lasce a" = Hee Modulation (0.7484 V.). It can be shown 
ae ee site ries of pulses per half cycle, the amplitudes of lower order harmonics are 
iadvafasouste of some higher harmonics are increased significantly. But this is no 
ge as higher order harmonics can be filtered out easily he Sa 
The symmetri ) ee a, 
Sead SMe Mahe ce wave shown in Fig. 8.29 (a) can be generated by comparin 
me ee “ 4 are KG tage wave V, of frequency « with a triangular carrier wave V of 
et Ce es " % shown in Fig. 8.30 (6). This comparison is done in a comparator Fig. 8.30 
). 1g. 9.29 (a), there are only two pulses per half-cyele but in: Fig. 8.30 (6), there a 
Carrier signal V,,freq w, 


| ,Reference signal V-. 
freq. w 





Triangular y.+- 
wave *! 
















Ve 





p Trigger | Trigger 
Comparator pulse : 

| | generator} pulses to Re pt gt te A 
3 : — SCRs Pt err yee ee Vi Vas 
i i i ! ' | 7 
val ae ae ike 
Square Vo , ot 4 | 
. ' i i li 
if 

| 

| 

i 





. (c) | 
Fig. 8.30. (a) Pertainin ultiple-t i | 
, ning to multiple-pulse modulation (MPM) (6 put 
= se IF | MPM) (6) Output voltage wave 
. with MPM (ec) V, and V. shown on a larger Hts Sane ee 
our pul ae : 
jane cee cycle. The triggering pulses for thyristors are generated at the points of 
tha SCR cy diate ete, reference neat waves. The firing pulses so generated turn-on 
exceeds the square modulatine w eis | riangular voltage wave 
} Ing Wave shown in Fig. 8.30 (b). In thi | 
frequencies in H: eat a nie . dn this figure, f, and f are the 
quencies in Hz for the carrier signal and reference signal respectively This figure Eaton 


4 af 
of pulses generated per half cycle can be determined from Fig. 8.30 (6) as under : 


that - = and 1 =T and the number of tri =) me ie 
¢ . a nigger pulses is x1 ~ 4 In general, the number 


For triangular carrier wave, pulse width = i : 
e 


For square reference wave, width of half-cycle = pad 
2p 


“. Number of pulses per half-cyele 
= Number of hill-tops per half-cycle 
4 Len h of half—cycle of square reference wave 
Width of one cycle of triangular carrier wave 
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ny aif@t_ fe _ Me (8.73) 
*e | 1/f, 2f 2a 


Note that N in Eg. (8.73) must be an integer. The pulse height of the reference, or 


modulating, signal can be controlled within the range 0 < V,.< V, and pulse width N varied 


in the range 0 < = < = by adjusting the magnitude V, of the reference square wave. The 


pulse width is 2d/N on the assumption of same rms voltage as in single-pulse modulation. 
In Fig. 8,30 (b), pulse width 2d/N is given by 
2d _(m 
N | 4 
A general expression for the pulse width can be obtained by sketching an. eycle 
carrier signal on a larger scale as in Fig. 8.30 (c), From this figure, pulse width, in general, 
is piven by 





Sa! iret ee} (8.74) 
N \4 2 
where x, defined in Fig. 8.30 (c), is = 
n/2N x | 
eee 
or AI VA, 


ot _(x_x ¥.)_(,_¥\x — 
NUN EN: Ws, ) \ V.(N 

In MPM: method, lower order harmonics can be eliminated by a proper choice of 2d and 
y. But the rms voltage in Figs. 8.28 to 8.30 is the same, L.e. 


1/2 
Vine 77 Mg a 


This means that if lower order harmonics are eliminated, the magnitude of higher ed 
harmonics would go up. But this is not a disadvantage, as higher order harmonics can be 
filtered out by the use of filters at the output terminals of the inverters. 

8.6.3. Sinusoidal-pulse Modulation (sin M) “ 

: i veral pul : sych 1 used as in the case 0 

In this method of modulation, several pulses per half cycle Se ios = 
silueleaalae modulation (MPM). In MPM, the pulse width is equal for all the pulses. But 
is sin M, the pulse width is a sinusoidal function of the angular position of the pulse in a 
cycle as shown in Fig. 8.31. | | . 

For realizing sin M, a high-frequency triangular carrier wave U, is compared with a 
sinusoidal reference wave vu, of the desired frequency. The intersection ¥ U, ne if 

armines the switching instants and commutation of the modulated pulse. In Fig. 5.01, 
vie ak nage ranzolas carrier wave and V. that of the reference, or modulating, 
ere oat tor. When sinusoidal wave has 

.e carrier and reference waves are mixed in a comparator. YyNen 5iteeee eee a. 
eerie higher than the triangular wave, the comparator output is high, otherwise it 1s 
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V. - Reference wave, freq. f 


Carrier wave, freq. f, 


eee a 


Pte 


NAAT A 27 


Sr 


KT | 






ee > 


a ees ee 
BS 


sooo 


eb wescaee 


= Le 
= = 


Ce ee 
anion all arte 





in oer 


a es ee me: ff 






Me Carrier wave, freq: f, 


as ~---1-Reference wave, freq. f 
‘DET AA i 
om NAB 


1 t/24 


e 


J 

all al 

i i 
! 

! | 

il 


' 
i 
' 
| 








wt 








eT 


=Ve- 


Vans ()) 

Fig. 8.31. Output voltage waveforms with sinusoidal pulse modulation. 
low. The comparator output is processed in a trigger pulse generator in such a manner that 
the output voltage wave of the inverter has a pulse width in agreement with the comparator 
output pulse width, 


When triangular carrier wave has its peak coincident with zero of the reference sinusoid, 
there are N= Of pulses per half cycle ; Fig. 8.31 (a) has five pulses. In case zero of the 


triangular wave coincides with zero‘ of the reference sinusoid, there are (N — 1) pulses per 
half cycle ; Fig. 8.31 (6) has e | i.e. four, pulses per cycle. 

The ratio of V,/V, is called the modulation index (MI) and it controls the harmonic content 
of the output voltage waveform. The magnitude of fundamental component of output voltage 
is proportional to MI, but MI can never be more than unity. Thus the output voltage is 
controlled by varying MI. 

_ Harmonic analysis of the output modulated voltage wave reveals that sin M has the 
following important features : ‘ 

(t) For MI less than one, largest harmonic amplitudes 1 in the output voltage are associated 
with harmonics of order f,/f+1 or 2N+1, where N is the number of pulses per half cycle. 
Thus, by increasing the number of pulses per half cycle, thé order of dominant harmonic 
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ise . ilte sily, In Fig. 8.31 (a), N =5, therefore 
| an be raised, which can then be filtered out easily. In reton 
Spe se beeraitre 9 and 11 become significant in the output voltage. It may “ ee ae. 
the highest order of significant harmonic of a modulated voltage wave is centred around t 
sarrier frequency f, [in Fig. 8.31 (a), f, = 101. 


It ig observed from above that as N is increased, the order of ST en 
increases and the lieing reuirments are accringly mine Oe chng ees a 
: , ntchi equency 0 rristors. Lf | ara 
See eee Sa CMiGP aBEGIGNEY Thus a compromise between the filtering 
requirements and inverter efficiency should be made. , | ea Wee 
(ii) For MI greater than one, lower order harmonics appear, sinte a Mi> t, pulse wr 
is no longer a sinusoidal function of the angular position of the pulse. eae 
technique called multiple-pulse modula ete ert ta ere So Bblectad as to reduce 
Tp as f hor of M pulse positions in each quarter cycle are so selected as We . 
eee aes eis fie output voltage waveform [6]. This PWM technique will, 

however, not be discussed here. 
8.6.4. Realization of PWM in Single-phase Bridge Inverters 


The output voltage waveforms shown in Figs. 8.26 to 8.31 reveal that ee oe a 
an inverter is V., zero or — V,. Such waveforms can be realized in single-phase inver 
—— a? : 
under : | <t 
(a) Single-phase full-bridge +nverter. In the inverter of Fig. 8.2 (a), when +V, is ae 
obtained in the positive half cycle, thyristors T1, T2 are turned on. For obtaining - vy . si 
negative half cycle, thyristors T3, T4 should be turned on. For zero output we ee oe 
load is to be short-circuited - then T1, D3 or T3, D1 a aie eee es = ~ ee 
fron ive : | nduct depending upon the direction of load current. Atte i. 
from negative group should conduct dependin; m the d Loge hl aipgerigeinetereesl ea ee 
7 . obtaining zero output voltage at the end of each pulse, on pipe CONDE etn 
ae should 5 be turned off. Under this strategy, only one So eae ra eae em: 
: | ! ge itch nd commutation of thyristors Snoulul be 
taining the next voltage pulse. Switching on and commu Prey pe 
as as to utilize the thyristors symmetrically. Let us illustrate this with an pice, 
f pulse wid 3 ‘ans is to be obtained in each half cycle. 
nose output voltage of pulse width 21/3 radians is to ed ne 
rhe nice width is Senetacalee placed as shown in Fig. 8 39 The waveform of load current 


















Wel 
V.| Ln 2 
| , - > 27 
‘TB Sinem 
i a | 
i] | | 
| 5 a 3 
ae 
oF , - ~ ) 


h _ 
a a 
i 


es 


(a) —Tzp4——T1 /l2 $s T1)3:T3,D!e—§ T3,74 TAD? T2D are 


(b) 41),03}-=—TI.72 gt DE TED2—=— 13,74 ———_ TSO TIS 


Fig. 8.32. Conduction of various components for single-phase bridge inverter of Fig. 8.2 (a). 


D F .EasyEng1 ing. 
© Wiki Engineering or an 


Downloaded From : www.EasyEngineering.net 


357 


Inverters 





[Art. 8.6] 





tg is assumed as sketched in Fig. 8.32, It j 
| §- 8.32. It is obvious from these two: 
: me ; | 1 Uf two w that f 
B ee ; 1, T2 should conduct and from E to F ; T3, T4 should be — aveforms that from 
rom C' to D Uy = 0 but current i, is positi | 4 , 
; ur 018 positive. Therefore. fr 'to D : either’ , 
D4 should conduct, this is shown in Fig, 8.39. a a oeeeTD, De ee 
Fro D Ay — ros : | & 
Beep +3 ag : - but : negative, Negative current with zero output voltage can exist 
SOF iL ether with one diode are on. W 9: a — 
and with T4, D2 should conduct, Fig. 8.90. on. When T3 is on, then T3, D1 should conduct 
| ee = 1 Ug ae ‘9 18 negative. For this ; T4, D2 or T3. D1 should conduct. From 
+; U1 conduct, then now T2, D4 must conduct in order OS Re 
erin or eke ws : as ; u uct in order t ilize the - * 
symmetrically. In case T4, D2 conduct from DtoE. then T3 Di cee, oe eoTistors 
FtoG : » UIT should conduct from 
From G to H ; T2, D4 or T1. I c 
to that from A to B. | » DS conduct as shown. The conduction from G to H is similar 
It may be observed from Fig. 8.32 { uri 
may rved from Fig. 8.32 that, during one c | , 
150° and each diode for 30°. ‘ é that, during one cycle, each thyristor conducts for 
5b) Siz rs wa: 7 Pra 
ok : Mat ee inverter, In single-phase half-bridge inverter of Fig, 8.1 
V/2 oF —V_/2. In Fin pn nee, Cannot be obtained. The output voltage can either b 
from C to D with Tt og nn 2 om A to B is obtained with T1 on, from B to C with T2 on, 
aay. eee Soho ao eeeetek ¢ ; Interval BC =ir 'F | ai 
voltage can be controlled through the adjustment of aac oe alEF and so on. The output 






Te —ET TF 
ae Pees pepe ate 


Fig. 8.33. Output voltage waveform obtained through PWM in half-bridge inverter 


R= 10 Bond bon 08 H. peep bridge inverter, fed from 230 V de, is connected to load 
BEA 1, ser es Oar Eds etermine the power delivered to load in case the inverter is operatin : 
Be cycle 5. 7 : ‘ square Ane output (b) quasi-square wave output with an on-period of OS 
eycle. wv an on-period of 0.5 of a 
Solution. In order to calculate ¢ 
up to seventh may be considered. power delivered to load fairly accurately, harmonics 
(a) Square-wave output : From Kq. (8.26), rms value of fundamental voltape is 
| 4V. 4y% 99 
Viai= . = 1x 230 _ ' 
le eo 207.10 V 
Load impedance at fundamental frequency is 
Z,=[10° + (2n x 50 x 0.03)?]'” = 13.7414. 
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907.10 ; ) 
SS ee 1 Lk 
Toy 13.7414 


4x 230 oe ae 
=— —=6§9.0385 V 
Vos 3xnx r2 ) 
and 





Similarly, 


eee 
7-7 x nx V2 


Rms value of resultant load current, 





| 1 9 1/2 


Power delivered toload =IjR 


— (15.0712? + 2.302” + 0.8598" + 0.4434°] x 10 
= 2333.76 W 


‘put : For quasi-square v single-pulse modulated wave, 
b asi-square wave output : For quasi-square wave or single- me ae Se 
‘use ane ees pulse width, 2d = 0.5 x 180° = 90° or d = 45°. From this equation, 
value of fundamental voltage is 


4V, . , 4230. gro_146.423V 
Vo=— yp sind =" yg sin © (46, 
146.423 


_ _ 146.423 _ 10.6556 A 
o1= 49 74147 1°°° 


Vos=SxnxV2 5 sind V 


_ 48.8075 
03 29.9906 : 
4x 230 oe ee ye 45°) xX ee = — 0.6079 A 
los = Sen x Vo on 6% 4°) * 4817324 
4x230 Fo) 5¢-—— = = 0.3135 A 
Loy TS a el ee ee PB TET 
Power delivered to load = (10.6556" + 1.6274? + 0.6079" + 0.3135") x 10 
= 1166.58 W a sath. . 
(c) For two symmetrically spaced pulses per half cycle, use Eq. (8.69). For this equation, 


9d =0.5x 180 =90° or d= 45° and y= 1g0—9° + = = 52.5°. From Eq. (8.69), rms value ot 


=1.6274A 


Similarly, 


fundamental voltage is 


BV, . dh _ 8X 280 oo po gin 4° = 195.755 V 
Vi=sanians ee eae 2 

125.755 __, , 
lo= 73784 


| | | oO 
_ __ 8X 200 in (52.5 x 3) “sin Bs 3} 48.815 V 
Vos = 3 x nx V2 le \ 4 
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_ 48.815 
03" 29.9906 — 


= 1.6277 A 


7 _8x230 . |. 1 

5 = Fy 3 Sin (92.5 * 5) sin (22.5 x a) *“48.17324 > LSO75 A 
=$'S 3560» a> oe 

iin = 7xnxvo sin (52.5 x 7) sin (22.5 x T)x saa = 0.0443 A 


Power delivered toload = (9.15157 + 1.62777 + 1.57524 0.0443*) x 10 
= 888.82 W. 
6.7. REDUCTION OF HARMONICS IN THE INVERTER OUTPUT VOLTAGE 


There are i . Lei 
its fihinbectel aac ae ee Se applications which may allow a harmonic content of 5% of 
output voltage may have have eee Wheninverters are used. Actually, the inverter 
component. In Bieri fi armonic content much higher than 5% of its fandarental 
5 ie sidegt Hikes ae ae this harmonic content to a reasonable limit of 5% one method 
emuaiey ene wee Ae : - load and inverter. If the inverter output voltage contains high 
low-frequency harmonit re Pat, De reduced by a low-size filter, For the attenuation | of 
filter circuit costly aie pote the size of filter components increases. This makes the 
Ben vic dluggish oo ye | be sd and in addition, the transient response of the system 
pisclla be -seeca ta ows tt it lower order harmonics from the inverter output voltage 
acon ene qin sini : se means other than the filter. Subsequent to this, high frequenc 
of this section is to study these ae be attenuated by a low-size, low-cost filter. The object 
Phlbsné of wh Gnas y Miese methods of reducing low-order harmonics from the output 

8.7.1. Harmonic Reduction by PWM 
es ee ae a ouaNed that when there are several pulses per half cycle 
Ranhtanion fant ocr a e : Eee 8.34 illustrates output voltage waveform that can | 
a single-phase halfbrilee fee ee inverter. This waveform can also be obtained from 
The waveform of Fi a inverter, but then the amplitude of voltage wave would be V./2 | 
unmodulated wave Fee needs ten commutations per cycle (= 360°) instead of two tea aa 
Sr - the voltage waveform of Fig. 8.34 is symmetrical about r a ] 

| S well as 


Val 
2 Seat PAW! NEY 3 89 10 | 


— : 


Fig. 8.34. Harmonic reduction by PWM in single-phase inverter. 


As this voltage waveform has quarter-wave symmetry, B. =0 
iy nn Oe 


4 ! ie : 
A, =— V, sin nat - d rl! ers Fe 2 ; 
T fi (cor) i S1n fue - df (cot) +f Sin riage: (af) ..(8.76) 


-.(8.76) 
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If third and fifth harmonics are to be eliminated, then from Eq. (8.76), 
a cos 3 a, +2 cos atl 





a 3 
4V,| 1—2 cos 5a, + 2 cos 50, 
A. = — | 
and As : | 5 
or 1-2 cos 30, + 2 cos 3a, =0 
and 1-2 cos 5a, + 2 cos 50, =0 


The above two simultaneous equations can be solved numerically to calculate o, and 
under the condition that 0<a,<90° anda,<o,<90°. This gives oj, = 93.62° and 
Gy = 33.304", 

With these values of of, Gs, the amplitudes of 7th, 9th and 1ith harmonics, from Eq. 
(8.76), are as under : 








4V vesriths, 
Ay= a [1 -—2cos 7 x 23.62+2 cos 7 x 33.304] =0.31555 V, 
4V, a ar 7 _. , 
Aly = On [1-2 cos 9 x 23.62 + 2 cos 9 x 33.904] = 0.5202 V, 
AV’. = ee | o 
and Vu= ik [1 - 2 cos 11x 23.62 + 2 cos 11 x 33.304] = 0.3867 V, 


The amplitude of the fundamental component for these values of oj and Ot, is 


AV | 
A, =—~ [1-2 cos 23.62 + 2 cos 33.304] = 1.0684 V, 
The amplitude of the fundamental component of unmodulated output voltage wave 1s 


| AV. 
Ay i T 





= 1.27824 V, 


In terms of the fundamental component of unmodulated voltage wave, the amplitude of 
Tth, 9th and 11th harmonics are respectively 24.78% (= 0.91555 x 100/ 1.27324), 40.86% and 
30.37% but third and fifth harmonics are eliminated from the inverter output voltage wave. 
The amplitude of the fundamental voltage is 83.91% or 0.8391 times the. amplitude of 
fundamental component of unmodulated voltage wave. Thus, with this method of harmonic 
reduction inverter is derated by (100-83.91) 16.09%. Another disadvantage of this method is 
that there are additional eight commutations per cycle and this leads to more switching losses 
in the thyristors. 

8.7.2. Harmonic Reduction by Transformer Connections 

Output voltage from two or more inverters can be combined by means of transformers to 
get a net output voltage with reduced harmonic content. The essential condition of this scheme 
is that the output voltage waveforms from the inverters must be similar but phase-shifted 
from each other. Fig. 8.35 (a) illustrates two transformers in series. Their output voltages, 
Up; from inverter 1 and vg, from inverter 2, are shown in Fig. 8.34 (6). Here vp. waveform is 
taken to have a phase shift of ~/3 radians with respect to vp, waveform as shown. The 
resultant output voltage v, is obtained by adding the vertical ordinates of vp, and vp, It 1s 

4 , 
seen that vp has an amplitude of 2 V, from : to ft, ra to 2n and so on. Note that shape of the 
output voltage wave vu, is a quasi-square wave. 
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_ | Inverter 
Ft eal . 





a 
Fig. 8.35. (a) Harmonic reductic ©) 
‘reduction by transformer connections (6) Eliminati 
n lons (6 natian afth: 
is and other triplen harmonic, (0) Elimination of third 
The Fourier analysis of waveforms Vo and vp» gives 
Uo1 = avs sin at ++ In L iw I 
soli | g Sin Sor + sin Sat += sin Tar + ... 


it 


1 | 
+> sin 7} @t—- > }+ |. 
The resultant voltage Up is , f 3 


4V. 


it 





= V3 | sinlae— =|. -- Mle ee | : 

out oe te sin x g|* 5 sin [Soe a+ 7 Sin 7 wort — é}+ | (eT) 

os ivticalle afoce a resultant voltage vy as given above can 

oe : Be ee The Suri pnation by graphical method is carried out as under - 

frequency ; V,. lags V b oh eae 5 01 and vo, reveals that for the fundamental 

re Chae _ ° : 10°, this is shown in Fig. 8.36 (a). The resultant of V,, and V,,, 

PPfgndertental & 01 (or o2) and at the same time, the resultant lags V,, by 30°. Net val Bs 
mental irequency voltage must, therefore, be associated with V3 sin (c¢ — 1/6) Wie 


be obtained from Vo) and vps 





a 140° 


F me a Freq. 3m Freq. 50 
Fi. = iF : tC ee : | ; é (e) 
ig. 8.36. Pertaining to the summation of first, third, fifth and seventh harmo 
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third harmonic, Vog lags Vp; by 180°, Fig. 8.36 (6), their resultant is therefore zero. For we 
harmonic, Vp> lags Vo, by 300° or Vo» leads V,, by 60°, see Fig. 8.36 (c) ; its resultant ae V3 
times Vp, or Vo2 and it leads Vo, by 30°. Thus, the resultant of fifth harmonic voltage must 
be associated with V3 sin (wf + 7/6). Similarly, resultant of seventh harmonic voltage must 
be associated with V3 sin (wf — 7/6), Fig. 8.36 (d). = 

It is seen from Eq. (8.77) that third and other triplen harmonics are eliminated from net 
output voltage wave. The amplitude of fundamental component of vp 1s 


4V. 
Vou = a V3 


In case output voltages v1, Up, from inverters 1 and 2 has no phase shift, then amphitude 
of the fundamental voltage wave is 8 V,/m. This shows that with phase shift, the amplitude 


is ty r 34, : iti f fundamental voltage 
of the fundamental voltage is = 13 <gy- 2 times the anbyede 0 , sis g 
‘with no phase shift. With this method of harngonic reduction, there is thus a derating of 
8V.7_-4y..¥31 rca , 
iW dy 99 =}. = = |100 = 13.4% 
BV, 2 
ad 
: The d f 
wer so far as fun “component is concerned. The degree 0 
in their net output power so far as fundamental component ) d. The a 
derating with this method is, however, less than that obtained in PWM harmonic reduction 
method. od a : 
The disadvantage of this method of harmonic reduction is the need for more number o 
inverters and transformers of similar ratings. 
8.7.3. Harmonic Reduction by Stepped-wave Inverters 
i 7 lse: 1 . ithts are sl imposed to produce a a 
In this method, pulses of different widths and heights are superimposed a 
resultant stepped wave with reduced harmonic content. Fig. 8.37 illustrates two stepped-wave 
inverters fed from a common dc supply. The two transformers used have different turns ratio 
from primary to secondary. In this figure, the turns ratio from primary to secondary 15 
assumed three for transformer 1 and unity for transformer 2. 


Vai 







Inverter |~ 
I 


| Inverter 
Il : 


Fig. 8.37. Harmonic reduction by stepped Fig. 8.38. Maree for stepped-wave 
: wave inverters. inverters. 
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The inverter J is so gated that its output voltage is vp, as shown in Fig. 8.38 (a). During 
the first-half cycle, output voltage level is either zero or positive. During second half cycle 
(not shown in the figure), the output voltage would be either zero or negative, This output 
voltage waveform is given the name two-level modulation. | 
, For inverter II, the triggering is so arranged as to give output voltage Vga 28 shown in 
Fig. 8.38 (6). It is seen from vp. waveform that the level of output voltage is positive, negative 
or zero during the first half cycle, this inverter has therefore three-level modulation. The 
resultant output voltage from a series combination of inverters I and II is obtained by 
superimposing the waveforms of Figs. 8.38 (a) and (6). This summation depicted in Fig. 8.38 
(c) shows that the amplitude of output voltage is 4 V, and waveform has four steps. Fourier 
analysis of Fig. 8.38 (c) would give harmonics whose amplitudes would depend upon the values 
of d),d, d;,d, and amplitude of v,. By a proper choice of these parameters ; third, fifth and 
seventh harmonics can be eliminated or attenuated considerably and the fundamental 
component optimised. 


Note that it is the three-level modulation of second inverter that helps in achieving the 
required wave-stepping of the resultant output voltage waveform. 
6.8. CURRENT SOURCE INVERTERS 

‘So far, voltage-source inverters have been discussed. In these inverters, input voltage is 
maintained constant and the amplitude of output voltage does not depend on the load. 
However, the waveform of load current as well as its magnitude depends upon the nature of 
the load impedance. | | 

| In the current-source inverters (CSIs), input current is. constant but adjustable. The 
amplitude of output current from CSI is independent of the load. However, the magnitude of 
output voltage and its waveform output from CSI is dependent upon the nature of load 
im pedance. The de input to CSI is obtained from a fixed voltage ac source through a controlled 
rectifier bridge, or through a diode bridge and a chopper. In order that current input to CSI 
is almost ripple free, L-filter is used before CSI. } | 
| A CSI converts the input de current to an ac current at its output terminals. The output 
frequency of ac current depends upon the rate of triggering the SCRs. The amplitude of ac 
output current can be adjusted by controlling the magnitude of de input current. 

A CSI does not require any feedback diodes, whereas these are required in a VSI. 
Commutation circuit 1s simple, as it contains only capacitors. As power semi-conductors in a 
CSI have to withstand reverse voltage, devices such as (POs, power transistors, power 
MOSFETs cannot be used in a CSI, | 

The CSIs find their use in the following applications : 

(t) Speed control of ac motors 
(22) Induction heating 
(uz) Lagging VAr compensation 
(tv) Synchronous motor starting. 

Tn this section, first basic principles of single-phase CSI are considered. Then single-phase 
force-commutated and auto-sequential commutated CSIs are described. 

8.8.1. Single-phase CSI with Ideal Switches 

A single-phase CsI with ideal thyristors is shown in Fig. 8.39 (a). Here a thyristor is 
assumed an ideal switch with zero commutation time. Positive directions for load voltage 
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ag T j~aists of a voltage source 
s 4: 404 in Fig. 8.39 (a). The source consists 0 7 
oad current i, are indicated in Fig, 8. ee hes | stor in series 
Fe , ees mductaneé L in series with it. The anges easyer (ek We ore 
a | maintai onstant current at the iM) ube 
ltace source is to maintain a cons Haase (b). 
sie ee an current I to CSI is constant as auOwn m Fig. Be rs ee 
in Fig. 8.39 (a) when T1, T2 are on, load current ly 15 positive = | ae ng ae 
i oettcstect © + and equal to. —/ as shown 10 Dp. O.o ee ee 
load current ip is negative al a PaaS pebet hyristor pairs T1, 
7 ae of i, can be varied by controlling the frequency ca Sate a ae ee of seeeiieode 
12: d rs 14 It is seen from Fig. 8.39 (b) that output current iy is a square Wa } 
and is : . : | 
equal to the de input current J. | | ‘tor that 
’ Assume that load consists of a capacitor C. It is known for a capacitor 
git 
nar ae 


duy | ae every half cycle. This slope is positive 
As ig is constant, slope must be cons ry 


-. basis. waveform of load voltage Uo 18 
, | i fenm 7/2 to 7. On this basis, waveform 0 : | 
n zero to T/2 and negative from T/2 oer ceive when TL, T2 conduct 
Sees vig 8.39 (b). The input voltage to the CSI, 1.€. Vin, 18 Se oer tae percerinie 
| _ at pe when T3, T4 conduct. Note that waveshape of U;,, Bee | phat subst Ssitare 
mak . aveform of vy. For f= 1/T as the frequency of output voltage ed Gi gi 
he Ww oy Hie | , 1 ean at Te Bt ’ ; 
: has a frequency of 2f, this is revealed by an SR ris ial jue of v;, is positive, 
z The de current J, input to CSI, is always unidirectional. If average value OF "in masa rors 
The de current J, imp" ata > ve ive, power flows |! 
wee we from source to load. In case average value of u,,, is negative, po 
pov | | TT 
ised to source, i.e. regeneration of power Jehan! . uare wave owing to the fact 
GET In a practical inverter, the load current waveform ee ne Fig 3.39 (b). On account of 
eae aria e practical inverter has finite times for the rise and fall of cur 
nite commutatio as | 


D | i : .EasyEng1 ing. 
© Wiki Enginering ownloada Fron. qaaaaae ena 


Downloaded From : www.EasyEngineering.net 


Inverters re 
LArt. 3.8] 





365 





a ee be load or force commutated. Load commutation is possible when load pf is 
Bre or agging pf loads, forced-commutation is essential. Here single-phase CSIs using 
; ed commutation are studied, Use of commutating capacitor is an important feat f 
orce-commutated CS]s, Pp eature o 


8.8.2. Single-phase Capacitor-Commutated CSI with R Load 


6 nea above, all force-commutated CSIs need capacitors for their commutation. Here 
“rm capacitor commutated’ is used just to distinguish this CSI from other CSIs 

me ees: eee Tee for a single-phase CSI with resistive load FR is shown in Fig. 8.40 

- eis a Fe ; 5 inverter 18 a constant but adjustable de current source. Capacitor C 

oe ay a 7 oad is used for storing the charge for force-commutating the SCRs. The 

oe | ais are the four power switches. These SCRs are gated in pairs se eke rd ae 
. yg : ing signals ter, dpe and T3, T4 by tq tq AS Shown in Fig. 8.41. Positive directions 

for load current i, and load voltage vy are marked in Fig. 8.40 (a). 





d 


f (¢) = 
Fig. 8.40, (a) Power circuit diagram of 1— CSI wi | Piers 

nS ae ae Sg ee ol with R load (6) AC output ec tu 

(c) Equivalent circuit of Fig. (a) for 0 <t< T/2 and (@) Equivalent circuit of Ketter ee zi 


. Sean f= 0, let the capacitor voltage be vu, =- Vj, ie. capacitor has left plate negative and 
nig P ate positive in Fig. 8.40 (a). When T1, T2 are gated at ¢=0, the capacitor voltage U 
Ree RInHeS conducting thyristors T3, T4 ; these are therefore commutated immediately. 
a ae errant I now flows through T1, parallel combination of R and C and through T2, 
im Ses He Lf 2, I = na =I, output current i,.=J ; capacitor voltage v, changes from 

i 1 through the charging of C by current t.. Note that here load voltage Uy =u,. Thus 
ot ad y 

the wavef sete ) } 

veform of i, RR has the same nature as that of u,, see Fig, 8.41. When T3, T4 are 
oe at f=T'/2, a V, reverse biases T1, T2 : these are therefore turned-off immediately 
ae eee caRreait low flows through T3, parallel combination of k&,C and T4, From 

3 lpg = lpg =+T but i,,=-TJ. The variation of ac current ¢,. is shown in Fig. 8,40 (5). 
Plea ey state operation of the CSI, various current and voltage waveforms are 
sketched in Pig. 8.41. At t=0, when the capacitor is charged with voltage v,=-V, then 
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Vv : | 
Up=v,.=—V, and load current tp =— = —],. From t=0toT/2, capacitor charges from 


1 
—V,toV, Therefore, at t= = in = s = 3 = = =],. This is shown in Fig. 8.41. Input voltage 


U;, =U, from t = 0 to T/2 whereas v;, =— Uv, from T/2 to T. 
It is seen from Fig. 8.40 (a) that when T1, T2 are conducting for 0<?t< Ty, currents 
i,, i are leaving the.node A and current J is entering the node A. Therefore, equivalent circuit © 


for Fig. 8.40 (a) for O<t< - may be drawn as shown in Fig. 8.40 (c). KCL at node A in Fig. 


8.40 (a) or at node 6 in Fig. 8.40 (c) gives 
ly +r L =J 
or L.=I-io 





plese aed hee 
k+—T1,12 > e— 13,14 —el— 11,12 we 73,74 —o 
V . 


Vo, lo c | | | | 





T2 T4 Tz T4 
Fig. 8.41, Current and voltage waveforms for single-phase CSI with R load. 
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At f=0,i,=—1,, therefore, i, =I+J,. Just before T/2, it, =1,, therefore i, = —J,. This is 
shown in Fig. 8.41. 

Just after T/2, when T1, T2 are off and TS, T4 are conducting, currents fp, 1, will continue 
flowing in the same direction. As such, all the three currents ig, 1, J enter the node B in Fig. 
8.40 (a). This gives the equivalent circuit of Fig. 8.40 (d). KCL at node 6 of this figure gives 

ij t+i,+1=0 
or L.=—-I-ig 

At t=T/2, i, =+J,, therefore, 1.=—J—J,=—(J+J,). This is shown in Fig. 8.41. 

Att=T,i,=— J), therefore, i, =—J+1,=-(J-—J,) and so on. 

Voltage across thyristor Tl is zero when T1, T2 are on. At 7/2, when T3, T4 are turned 
ON, Up] = Up =— VU, =— Up =U,, from T/2 to T. These waveforms are sketched in Fig. 6.41. 

Analysis. From 0 <t < 7/2, equivalent circuit for the CSI of Fig. 8.40 (a) is as shown in 
Fig. 8.40 (c). The capacitor is initially charged to a voltage — V,. Traversing the closed path 
a bed a, we get | 

Riy- =| (-ig) dt +04 =0 (8.78) 

Differentiation of Eq. (8.78) with respect to time gives 

Complementary function of the solution is obtained form force-free equation 


, "| i 
Rp +} =Q or p=- RC 
i =Ap AC 
For particular integral, put p = 0 in Eq. (8.79) 
“0 = - or Ip=l 


Cc Cc 
Thus, complete solution for load current 1,, from Eq. (8.79), is 


ip= P+ CF=I+Ae%™" — ..(8.80) 


Under steady state operation, the load current at ¢=0, from Fig. 8.41, 1s tg =—J). 
Therefore, from Eq. (8.80), 


-[,=I+A 
or A=-(+J) 
ip=I- (+1 ye "* | 
or ip =I -e" Bye Tee aS (8.81) 
for Q<t< 7/2. 


As only steady solution is desired, current i) at t=T/2 becomes J, Substitution of these 
values in Eq. (8.81), gives 


I=la-e€ T/2 RC) =F; el/2RC 
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ly _ 7 T/2RC | 
Or q, = irae (8,82) 


TT 
=lifsna? 1 or T= RC 


Substitution of J, from Eq. (8.82) in Eq. (8.81), gives 


an yo e T/2 RC 
ig =I (1-e7* )-1 -T/2 RC 


l+eée 
| 9 t/RC “O. 
or ip =l F -—2 ERE 1889) 
The output voltage vp, or capacitor voltage v, is given by 
e- #/RC 
Up =U,=F ig= Ra} 1- 2 ak are | 


The turn-off time t, provided by the circuit to each SCR is obtained from the condition 
that when ¢t =¢,, u) =v, =1)R =0. Therefore, from the above equation, 


-t,/RC 
Up =U, =Igk = Ril - eae 


or exp (-t,RC) = 5 Ul + exp (-— T/2 FC)| 
2 | 7 
=RC In|- 1 -T/2RO) (8.84 
or t. bahia Aiea (8.84) 
The average value of the input voltage V,,, is obtained from the equation 
| ave Ife 
T/2 =. 
2 e RC 
=m IR L=2— | a 


l+e 2RC 


Z 4RC — exp. C T/2RC) i 
or V,, =IR fe TP 7 tt ae TARO | (8.85) 


When input power V,, -/ 1s positive, power is seireered to the load. 

Design considerations. (1) It is seen from Eq. 
(8.84) that as T is reduced (e.g. with T = 0, t, =), or 
inverter frequency is increased, ft, reduces. But the 
circuit commutating time ¢. should not be less than 
the SCR turn off time t, This means that there is 
an upper limit to the inverter frequency beyond 
which inverter SCRs will fail to commutate. 

(72) When T is large or inverter frequency 
(=1/T)is low, the plot.of ip, or vp, versus time ¢, from 
Eq. (8.83), becomes flatter as shown by dotted curve 


in Fig. 8.42. Asthis curve shapeisnearertoasquare Fig. 8.42. Waveforms for 1-phase CSI 
with R load 
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wave, it can be inferred that for low inverter frequencies, inverter has square wave output 
for load current 7, or load voltage uy 


When T is small, or inverter frequency is high, waveform of vp, or {, is shown by full-line 
curve in Fig. 8.42. As this full-line curve is closer to a sine wave, it can be said that for high 
inverter frequency, CSI has sinusoidal waveshape for output load current or load voltage. 


(tii) Square-wave current. It has been found that for obtaining square wave of the load 


current tt > 5.00. 








* ORC 
If t, is the turn-off time for the SCRs used in the CSI, then from Eq. (8.84), 
t, = RC In —*—j = RC In2=0.69 RC 
l+e 
E . 
+r (=. (8.56) 
or C 069 R ( ) 
For s =5orfor 7=10RC, maximum frequency, 
aRC 
rh 
mae 7ORC 


Substituting the value of C from Eq. (8.86), 


Imax“ TOR t, t, 


(iv) Sinusoidal wave output. For obtaining sinusoidal waveshape for load current, 
frequency domain analysis shows that capacitive reactance X,at3 times the minimum 
frequency f,,;, should be less than H/2, i.e. 

Xi ata fos: 
= 
R 3° tT sain —C 
ih ee ee 
Ss 2 1 — 
-~ ~, 0.106 . 
. .. (8.87) 
or C2 Ef. ( 
8.8.3. Single-phase Auto-sequential Commutated Inverter (1-phase ASCI) 


Out of the force-commutated current source inverters, auto-sequential commutated 
inverter is the most popular. Though three-phase ASCI is the universal choice in industrial 
applications, here only single-phase ASCI is presented so as to highlight the basic concepts 
of this type of inverter. 

Fig. 8.43 (a) shows a single-phase bridge inverter with auto-sequential commutation. A 
constant current source I feeds the load which is assumed here an inductance L for simplicity. 
Thyristor pairs T1, T2 and T3, T4 are alternatively switched to obtain a nearly square wave 
load current. Two commutating capacitors, one C1 in the upper half and the other C2 in the 
lower half are connected as shown. In Fig. 8.43 (a), diodes D1 to D4 are connected in series 


lA 
bo|oy bo|ay 


OF 
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(a) (B) 
Fig. 8.43. (a) Single-phase bridge auto-sequential commutated inverter with L load (5) Mode I. 


with each SCR to prevent the commutation capacitors from discharging into the load. The 
inverter output frequency is controlled by adjusting the period 7 through the triggering 
circuits of thyristors. The operation of this inverter can be explained in two modes as under. 

Mode I. In the beginning, z.e. before t = 0, assume that T3, T4 are conducting and a steady 
current J flows through the path T3, D3, L, D4, T4 and source J as shown in Fig. 8.43 (a). 
The commutating capacitors are assumed to be initially charged equally with the polarity as 
shown in Fig, 8.43 (a), t.e. v.,; =U... =— V.». This means that both capacitors Cl and C2 have 


right hand plate positive and left hand plate negative. 

At time t= 0, thyristors Tl, T2 are gated. The thyristor pair T3, T4 1s turned-off by the 
application of reverse capacitor voltages. Now pair T1, T2 conducts current J. The path for 
this current J is through Tl, C1, D3, L, D4, C2 and T2 as shown in Fig. 8.43 (6). Both the 
capacitors will now begin charcine hinextiy fen = Vo by the constant current J. The diodes 


Di, D2 remain reverse biased by V,, initially. The voltage vp, across D1, when it is forward 
biased, can be obtained by traversing-closed path abcda as 


we 
C/2 

Note that voltage across L is zero because of constant current J. 
Wp =-Vo+ 3 | Id (8.88) 


As the capacitor charges, voltages upj, across D1 rises linearly. Eventually, at some time 
f;, reverse bias across D1 vanishes, vp, becomes zero and diode D1 starts conducting. An 
equation, identical to Eq. (8.88), holds good for diode D2 also. Actually, Dl and D2 start 
conducting at the same instant ?, The time for which D1, D2 remain reverse biased is obtained 
from Eq. (8.88) by equating vp) =0. 


0=-Viot SI, 
or 1=5 V0 (8.89) 


Downloaded From : www.EasyEngineering.net 
: . wWw.raghul.org — 


© Wiki Engineering 





Downloaded From : www.EasyEnginéering.net 


Inverters | [Art. 8.8] 


The capacitor voltage v,, =v. =v, appears as reverse voltage across thyristors T3. T4 
when T1, T2 are gated. The value of v, is given as 


Vel = Ug =¥,=—-Van+& | It 
Its value at time f¢; is Uny = Ueg = V, (fy) = — Vig + al ty 
Substituting the value of ¢, from Eq. (8.89) in the above expression, 


C 
Vor = Veo =U, (Ey) = — Vio t+ C c (a Vio|=0 
This means that voltage across Cl, C2 varies linearly from — V_, to zero in time ¢, Mode 
lends when ¢ =?, and v,=0. Note that ft, is also the circuit turn-off time for thyristors of Fig. 
8.43. 
Mode Il. Diodes D3, D4 are already conducting, but at t= t, diodes D1, D2 get forward 


biased and start conducting. Thus, at the end of time ¢,, all four diodes D1, D2, D3 and D4 


_ conduct. As a result, commutating capacitors now get connected in parallel with the load as 
shown in Fig. 8.44 (a). For simplicity in analysis, Fig. 8.44 (a) is redrawn as shown in Fig. 
8.44(b) where two parallel capeessars C1 and C2 are combined into one as C (= C/'2+ C/2). 
In this figure, KCL gives 


As bea = Feas Fe = beg = 2 fe 


For this figure, KVL gives, JL aie E * | i, -dt=0 


di 
or fn hasigd=t 
| d° ly lp I , 
or oe +a=-f ...(8.90) 
For solving Eq. (8.90), the initial conditions at t=0 are 
~) at 
ij=J and at 





(a) (b) | (c) 
Fig. 8.44, Equivalent circuits for 1-phase ASCI with load L. 
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It should be noted that in Eq. (8.90), time ¢ is measured from the instant D1, D2 begin 
conduction, i.e. time ¢t for mode II is measured from the instant mode I is over. 
In Eg. (8.90), for particular integral 


| as 


08 
C 


mai 


and for complementary function, 
1) )\- 
(2 + é iy = 0 


or Lp’ a= 0 

This gives | pP=- Fa =~ = Jo 
or p=tjW 
where W, = is 

" | s ing = Adele" + Be~/o! 


The total solution for the current is obtained by adding i,, and t,, 


=-I eae + Be~/*! ..(8.91) 
At t=0, ty =] 
i, J=-IJ+A+B i. 
or A+B=2! ...(8,.92) 
dig 
Att=0, — ° = 0, from Eq. (8.91), 
“2 “s -juyt 
= j@p Ae’ — jay Be" = 0 
+ iia: B)=0 
or | (A-—B)=0 ... (8.93) 
From Egg. (8.92) and (8.93), A=B=I 
co — jo, f 
From Eq. (8.91), i(t)=—I+ 21 jae. I[2 cos Wy ¢ — 1) (8.94) 
Now capacitor current, i,=J+ig=2J cos Wpt ...(8.95) 


The voltage across capacitor 1s 
v= % J ig dt = ae gin pt (8.96) 


This expression for v, can also be obtained as 
di, 
v.=u,=L di —* = Law, - 21 - sin Wt 


i , 1 
But : =F6 or 1% = C 
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v =e ain t 
coc ® Wp Z (8.96) 
Also ot i aI -VL/ 
Vee LC - sin @) ¢=22 -VL/C sin (Oy t (8.97) 
= ws See tt 
rom Eq. (8.95), “ihe =5 1, =I cos Wot (8.98) 


The existence of various curr Lo Eee 
currents 1, is mai . ky a . 
are given by Lei tog, ip, etc. is marked in Fig. 8.44 (c). Diode currents 
tng =i; =I cos Wot | 
and = ip, =I ~ig, =I (1 cos mpt){ © 9<* < te 
As current io, tends to revers ba , 
cy, bends to reverse, diode D3 prevents its . Ne epg Bis ow 
prevents the reversal of current i- reversal. Similarly, diode D4 
From the initiation of mode II. a tj , 
eae io , 4 time fy must elapse for the current £ = 
This time ¢, can be obtained by equating Iq, to zero. Bes D Cen ero 


Ley =I cos Opto =f 
ae Cos Wyts =cos 5 
or toe 
2” 20, ...(8,99) 


The capacitor voltage v. at the end of , nt 
> c : end of mode II, i.e. at t=t, = Be,” can be obtained from 
Eq. (8.96), = 
v. = Cc 


Load current at ¢ =, is i, = z , 
; f=t, 18 ig = 2] cos 9 —{=-I. This shows that load current has reversed 
from +J to-J during mode II of ft, duration. 
- #6 Waveforma for U,, ip, ig}, Ep, ete. are plotted in Fig. 8.45. It is seen from the waveform 
U, that capacitor voltage changes by 2 V,, during each commutation interval. mn) 
The total commutation interval t, from Eqs. (8.89) and (8.99) is given as 


nec the Aree 1 
=F =o! 
) c 1 + Eo oT V0 + 209 ... (8.100) 
It is seen from Eq. (8.96) that v.18 Maximum and equal to Vio When Wot = 1/2 
V~=—— 
ae 
From Eq. (8.89), i-Ly -€ 2 _1_ pe 
=uhen A Bic Cv ey TOS 


Therefore, commutation interval from Eq. (8.100) is 
1 Tr _ 0 |. 
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Fig. 8.45. Voltage and current waveforms for 1-phase ASCI. 


At the end of total commutation interval (t, + t,), the steady input current J flows through 
iL Di, load L,, D2 and T2. This constant current continues to flow till the next commutation 
process 1s initiated by gating SCRs, T3 and T4. 

Example 8.10. A single-phase autosequential commutated current source inverter feeds 

a load R. Describe its working with appropriate circuit and waveforms. Find also the circuit 
| turn-off time for the thyristors, 

| Solution. For the circuit diagram, replace L by R in Fig. 8.43 (a). In other words, Figs. 
8.43 and 8.44 are being used here to describe the working of this inverter with R as load in 
place of L. Working of this inverter is explained in two modes as before. 

Mode I: Initially, it is assumed that T3, T4 are conducting. A constant current J is flowing 
through the path T3 D3 R D4 T4 and the source J. Capacitors are initially charged so that 
U1 = Up =— V9. Voltage across load is IR = V,». | : 

When T1 T2 are turned on at t=0, T3 T4 are turned off by the reverse voltage V9 
appearing across them. Current { now starts flowing through T1 Cl D3 R D4 T2. Capacitor 
voltages v,, and v,, start rising from — V.,. towards zero. If vp, is the forward voltage drop 
across D1, then KVL for the loop abed in Fig. 8.43 (6), (with L replaced by 'R), gives 


hoot 


= a 


Uni + Vig = | dt -IR =0 
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, 2. 
or Up =-Vgt IR+21) at 


Diode D1 will start conducting when vp, becomes zero. If t, is time after which vp, =0 


and D1 begins conduction, then vj, =0= 2 ft, =0 ort, = 0. This means that when T1 T2 are 
turned on, T3 T4 are turned off immediately and diodes D1 D2 start conducting at the same 
time. In other words, all the four diodes start conducting as soon as T1 T2 are turned on. 

Mode II: 

With all the four diodes on, the equivalent circuit is shown in Fig. 8.44 (a) which is 
simplified to that given in Fig. 8.44 (6), (with L replaced by R). In this figure, KCL gives 

I+ Lg ry L. 
KVL for the loop consisting of R and C gives 


nigh Nees ak 
Ris+% | i,dt=0 


Rig+% | U+ig) dt=0 
diy tg I 
ato 
Its particular integral gives the steady-state solution as i, =—J. For transient part of the 
solution, proceed as under : 


OF 


Re +Gio=0 or P=— pe 
i =A entire F 
i - 


Total solution for load current is ip=i,+71,=-I+Ae teRC 


When ¢=0, initial current through Fis i,=J/, -. A=2/] 


.. Load current, ipaaed tol ef Para —1) rhb) 
Capacitor current, i.=I+ig=2De “"° 

in Stages inal ev AG) 
Diode D1 current, in =f -igal (le *") iii) 
Capacitor voltage Poe a5 f i. df= 2 fz pera 

== Fen -(-RO) +k 
or vy =- Re 4k a-2Vy eo RO +k 

When ¢=0, initial voltage across capacitor is v.,;=— V,o, this gives & = V,p. 

Vo = Veg (1-2 ...(iv) 


When T1 T2 are on ; 0,1, v.. appear as reverse bias across T3, T4 respectively. Therefore, 
circuit turn-off time ¢, for T3, T4 (or for any thyristor in Fig. 8.43 with FR as the load) can be 
obtained from Eq. (iv) by putting u,, = 0. 
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1 |x. i ae DX Tad ——* 
Mode ar L 4 tet=le2 I | let=te? 
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11 T3 11 T3 
T2 T4 T2 T4 


Fig. 8.46. Pertaining to Example 8.10. 


“ 0=V.) (1-2e /FO 
or t.=RC In 2 .(U) 


From above, waveforms for v,, from Eq. (iv), tg from Eq. (t), t., =t,.9 from Eq. (it) and ip, 
from Eq. (iz) are plotted in Fig. 8.46. It is seen from Eq. (iv) that v., will change from — V_, 
at ¢=0 to + V., after an infinite time. But it is usual to take that in time 4 RC, v,, varies 
from — V., to + Vio as shown in Fig. 8.46. 


Example 8.11. A single-phase auto-sequential commutated CSI is fed from 220 V de 
source. The load is R=109. Thyristors have turn-off time of 20 us and inverter output 
frequency is 50 Hz. Take a factor of safety of 2. 

_ Determine suttable value of source inductance assuming a maximum current change of 
0.5 A in one cycle. Neglect all losses. ae also the values of commutating capacttors. 


Solution. Time of one cycle, T=—= = sec 


73 
: a Sate gag: 25 A/sec 

A short circuit at the load terminals of the inverter puts the most severe conditions on 
the source. So the value of source inductance must be obtained from these considerations. 
| di 


V,=L7, 


‘. Rate of change of current 
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“. Source inductance, L= a =8.8H 


From the previous example, from Eq. (v), circuit-turn-off time is given by 
. f.= FC In 2 
or 20x2x10°°=10-Cing2 
| _ 40x 107° | 
Or = ~ = 
ee 10Ino7 o.77 LF, 
5.9. SERIES INVERTERS 


Inverters in which commutating components are permanently connected in series with 
_ the load are called series tnverters. The series circuit so formed must be underdamped As 
the current attains zero value due to the nature of the series circuit, series inverters are ate 
classified as self-commutated inverters or load-commutated inverters. These inverters operate 
at high frequencies (200 Hz to 100 kHz), the size of commutating components is therefore. 
small. These inverters are used extensively in induction heating, fluorescent lighting etc 





The object of this section is to describe single-phase series inverters. 
8.9.1. Basic Series Inverter 


The circuit diagram for a basic series inverter is ¢ in Fj 

Al | verter is shown in Fic. 8.47. It : 
resistance R in series with commutating & consists of load 
components Z and C. The values of L and C T= 


are so chosen that the series RLC circuit he 
forms an underdamped circuit. Two ¥T 11 =i 


thyristors Tl and T2 are turned on 
appropriately so that output voltage of 
desired frequency can be obtained. 


When thyristor T1 is turned on, with T2 
off, current z starts building up in the RLC 
circuit, Fig. 8.48, As the circuit is 
underdamped ; the load current, after 

reaching some peak value, decays to zero at 
point a, Fig. 8.48. At point a, as the load 

current tends to reverse, SCR T1 is turned Soe a ger NNER 

ou Atter instant a, some minimum time ¢,_,,,, must elapse for T1 to regain its forward 
blocking capability. This minimum time is fiven by 


be ee eh OL 
gqmin ~ 74 @, 2 ff. (8.102) 





where «=output frequency in rad/sec 
and = ,=circuit ringing frequency in rad/sec. 


In Fig. 8.48, time interval between the instant Tl is turned off and the instan l 
turned on is indicated by T= ab, where iy > ty mine After thyristor T1 has a Raa 
upper plate of capacitor attains positive polarity. Now when T2 is turned on at instant b, 
capacitor begins to discharge and load current in the reversed direction builds up to some 
peak negative value and then decays to- zero at instant c, After this, time T= cd must elapse 
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Fig. 8.48. Load current waveform for basic series inverter of Fig. 8.47. 


Power Electronics 


for T2 to recover. At d, Tl is again turned on and the process repeats. In this manner, de is 


~ converted to ac with the help of series inverter. 


The capacitor stores charge during one half cycle and releases the same amount of charge 
during the next half cycle. As a consequence, the positive half cycle of current is identical 


with the negative half cycle of load current. 
8.9.2. Analysis of Basic Series Inverter 


With T2 off, the voltage equation for the series circuit of Fig. 8.47, when T1 is turned on, 


is given by 


: 7. e 0 ee, 
Ri+hLat+e idt=V, 
With zero initial conditions, its Laplace transform 1s 
| oaks 
I (s) E + Ls + “4 aE 
or 
The roots of s*+ 
As the circuit is underdamped, 
or 
where 





© Wiki Engineering 
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... (8,104) 


Downloaded From : www.EasyEngineering.net 
www.raghul.org 


Downloaded From : www.EasyEngineering.net 


Inverters 2 | | [Art. 8.9] 379 








If Wy = oe then 0, = Va = E* or Wy =V wo? +€*. Therefore, from Eq. (8.104), 


I 7 a 
iis L | (s+§—-J @,) (¢+§ +7 @,) 
1 A B 





Ut 
re (st+E-jo)(st+§+s@,) s+6-jO, s+64+/9, 
, ae 1 > -=1 
From above; « A S arate. and B= iF, 





Faye a aE a) pt he 
(= T o0,|ste-jo, s+&+ja, 


ps eae 
@,| (¢ +E)? + wr 


Vy, 
s d Ef q * 4 ...(8.105) 
ata e Sin , ¢ 


ec 


ll 


ol as 





Its Laplace inverse is i (f)= 


The plot of this current shows that load current i (¢) will be zero when @,¢=m or 


pz = sec. This is shown as oa = — in Fig. 8.48. 








ee F 
Time period of oscillation, oa= —— .--(8.106) 
1/LC -(R/2L)? 
1 

Output frequency, f= 2 (oa+T al 

=: ————— (8.107) 

ee 
V1/LC -—(R/2L) 


It is seen face Eq. (8.107) that output frequency can be controlled by varying (1) Ty, (ut) 
R, (iii) L or (iv) C. In any case, output frequency f cannot be more than the ringing frequency 
f= a : = Hz, te. f< fi. 

2m \11/LC —(R/2L) 

From Eg. (8.105), the voltage across inductance L is 


gee US eee ok in ps orn ain to: El 
L=La= L- ZL ma m,cos W.f-Ge sin @, t| 





-e * [w, cos w, t-& sin @, ¢] 


els e\se\s 


4 joeee| Or z nee 
e VaEFe| opt c08 Te sin o,t 


Se ee 


.e #4 ie + E [cos y cos ®, ¢ —sin y sin , ¢] 


I 
x 


: = e- oe - cos (0, t+ W) , .. (8,108) 
3 | 
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where @)= resonant frequency = Vw; +€° and y=tan’ * fs 
see Fig. 8.49. 


The voltage across capacitor C is 





U.=V,—Up— vz os ; 
, | R a Fig. 8.49. Pertaining to 
v, =i Soe BF ate page hs a eee TaN aA ringing frequency., and 

_ O, L : * @, : Eps (Ow) damping ratio é. 

Lin Se ore Oy _, ) 
@, L e * sin wf o, e * cos (0, f+ ” 
But 2 
~% |ZE W.. Op | 

hae 2 SO ae f+—-cos (®, f+ y) 

2 Wg r 0, r 


-v,|1 Spee sin @, f+ cos @,t+y)| 


ir 


re. (asin w sin o,f +c08(0, +) 
| D. 
=¥V, [mene ae sin W sin ®, f+ cos @, f cos sin sin y) 


=i E -¢ *. ~~ cos (@, t — | ...(8.109) 


Example 8.12. In a self-commutated SCR circuit, the load consists of R = 10 Q in series 
with commutating components of L=10mH and C=10 uF. Check whether the circuit will 
commutate by itself when triggered from zero voltage condition on the capacitor. What will be 
the voltage across the capacitor and inductor at the time of commutation ? 


at 
Find also ° a at t=0 


| - 3 
Solution. Here R? = 10 x 10 = 100 ; 44 = 4% 10%19 © _ 409 


As R’ < Cc the circuit is underdamped. Therefore, the series circuit will commutate on 


its own when triggered from zero. voltage condition on the capacitor. 


no »_ FA _ 10x 1000 
Also S=or= 2x10 = 500 


Wp = al = \10" = 3.1623 x 10° rad/sec 


1/2 
w, = Veg — 7? =[10"- 2.5.x 10°] = 3.1225 x 10° rad/sec 
w=tan || fe = tan”! be = 9.097° | 
| @, _ | 3.1225 x 10 
The load current is zero, t.e. SCR will conimutate en w.t=7 
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or eG 
~ Giao5<1000-.. 


Et = 500 x 1.006 x 10°? = 0.503 
From Eq. (8.108), the voltage across L at the time of commutation is 


“| Te pa eae 
'L= Vs" 3 1005 
=— 0.60472 V, 


From Eq. (8.109), the voltage across C at the time of commutation is 
=-V|y—e7 9503, 3.1623 . . 
U.= v,fa é Xa 3 1298" cos (180° — 9.097 ] 





. eg 9503 os (180° + 9.097°) 


= 1.60472 V, 
The voltage across capacitor can also be obtained as under. Note that vp, =0 at the time 


of commutation. 
v= V,-—Up—vz, = V, —0 —-(— 0.60472) = 1.60472 V, 


Recgy Waste Ge di _ -tf ain wD 
From Eq. (8.105), dt @, tle w, cos @,t-Ee *- sin w, t| 
di) | _Vsi Ger, 
alt L 10x10°3 ~ 100 V, A/s 
Example 8.13. Calculate the output frequency of a series tnverter with the SOUS 


parameters : 
Inductance L=6mH, capacitance C= 1.2 microfarad, load resistance R= 100 ohms, 
Dog = 0.2 Ms. 
If the load resistance is varied from 40 to 140 ohms, find out the range of output frequency. 
U.A.S., 1986) 


Solution. From Eq. (8.106), the time period of oscillation is given by 


x Ta a i000 (85s) 79877 ms 


6x 1.2 4x 36 
From Eq. (8.107), the output frequency, 
60.877 K2+2x 0.2 
When F = 40 2, output frequency 
= +. = 1046.2 Hz. 
a0 7 +0.4x 10° 
20 x 10° 1600 x 10° 


6 X12 4x 36 
When A = 140 2, output frequency 
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= t = 239.8 Hz 


a =~ + 0:4 10° 
10°x 10° 1407« 10° 
6x12 4x36 

-. Range of output frequency = 239.8 Hg to 1046.2 Hz 
8.10. SINGLE-PHASE PARALLEL INVERTER y ae 

The basic inverter circuit for a single-phase parallel inverter, utilizing capacitor for its 
commutation, is shown in Fig. 8.50. It cousists of two thyristors Tl and T2, an inductor x 
an output transformer and a commutating capacitor C. The transformer turns ratio from eat 
primary half to secondary winding +s assumed unity. The output voltage and current are 
Up and i, respectively. The function of L is to make the source current constant at J). Positive 
directions for voltages and currents are marked in Fig. 8.50. 








Fig. 8.50. Single-phase capacitor commutated parallel inverter with centre-tapped transformer. 


The operation of this inverter can be explained in some well-defined modes as under : 

Mode I: In this mode, thyristor T1 is conducting and a current flows in the upper ons 
of primary winding. This current establishes magnetic flux that links | path me ae . 
primary winding. As a result, an emf V, is induced across upper as wel as One ha 
primary winding. In other words, total voltage across primary winding is 2V 5. This NOB 
charges the commutating capacitor C to a voltage of 2V, with upper plate positive as shown 
in Fig. 8.51 (a). Thyristor T2 is forward biased through Tl by the capacitor voltage aN 
Eventually, a steady state current J) flows through V,,L,T1 and upper half of primary 
winding. 3 

Mode II: At time ¢=0, thyristor T2 is turned on by applying a triggering pulse to its 
gate. At this time? = 0, capacitor voltage 2V, appears as 4 reverse bi as across Fe, it is therefore 
turned off. A current J, begins to flow through T2, lower half of primary Wane, V. and L 
as shown in Fig. 8.51 (6). At the same time, capacitor voltage av, is applied across the 
transformer primary and a capacitor current — i, is established. Negative sign before t, means 
that current i, flows opposite to its positive direction assumed in Fig. 8.50. Before i =a 
ie. att=0-—, mmf in upper primary winding 1s I, N, and zero in the lower primary winding. 
Soon after T2 is on, i.e. att =0+, mmfs linking both upper and lower halves cannot ene 
suddenly. Therefore, at f= 0+, —i, =I) such that mmf in the lower half Cerna ae an mm 
in the upper half is equal to mmf att=0-—.After?=0+, capacitor C sas wits eee 
i. is such that it supplies the load current i, and balances the primary and secondary amp 
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edi: wate : 
Fig. 8.51 (ce) Mode II. f) st< 7/2 (d) Mode III, at after ¢ = 7/2, 
oe a ae eens ere continues flowing till capacitor has charged from 
rs tO~ 4¥, al time ¢=1,. Load voltage also chan: . =r ee cen 
8.52 (c) and Fig, 8.53. re See ee Te a Be tat Big 
pine ttt : When capacitor has charged to — 2V, with upper plate negative and lower 
PET Cane LE may be turned on at any time. In Fig. 8.51 (d), T1 is triggered at 
a a. spi= ha voltage as applies a reverse bias across T2, it is therefore turned off. After 
Bee 0 capacitor starts discharging as shown in Fig. 8.52 (d). Current i, is now positive 
apg in the upper and lower halves remain unchanged from their values just bef | 
- When 2, decays to zero, U. = + 2V;, Up = V,, ip, = In =V,/R, Fig, 8.52. ae ee 
ree for UV.» Vey, Up Cte are shown in Fig, 8.52. Att= O+ , when T? is turned on: 
e gh "e - 7 fo, me try = 1) as shown. As the turns ratio from whole nrimary to 
er ary Win ing 1s ‘ \e | oad voltage has half the amplitude of cana ‘ . | 7 
the load voltage has the same waveform as the capacitor voltage, Fig. tS ae 
8.10.1. Analysis of Parallel Inverter 
In Fig, 8.51 (6) the Seconda . 
< - 5: 6.91 (0), the sec ry mmf must be balanced by the primary mmf ar Ey 
It is seen from this figure that net current in the lower primary half is “ a G A am , 
in the upper primary half is i. downward. Cake 
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phase parallel inverter. 


Fig. 8.52. Waveforms for currents and voltages pertaining to single- 


Secondary mmf 


mmf in the lower primary half + mmf in the upper primary half. 


1. Ny 


A N, = 


(Ig -t 
tg = (Ip - 2 1.) 


iy No 


Ny 
N; 


Load or secondary current, 


But 
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= - oe aie 7 (8.110) 
Also, load voltage vp =i )R. This voltage when referred to whole primary is 
u.= Ny (2.Nj) ..(8.111) 


Substituting the value of ig from Eq. (8.110) in Eq. (8.111), we get 


du, N. N, 
1e=(fo- lf weak ehh 








: ¥ 
du. Ny 
-[ta-20 sats. t 
No n? "UU. 
oe —— =ac—# 
If N, n, then oR 
: du, n? "U; erty 
oF dt * 4RC 2C 


I, 4RC 21,8 
Its particular integral is, Vp; = oC nh Wh: 


Its complementary function is, 
Sat; 
Vor. = A € ARC 
2 


91,R -—t 
y= 3 +Ae aC ...(8.112) 





| 2 | | 
Here ts =R EA is the load resistance referred to one half of the primary winding. I, 18 
n 9 


uv 
the current in this load when — = 0. 





dt 
+. 2Ip (resistance referred to one half of primary winding) = 2V, 
21,R 
or * =2V, 
n 


With this, Eq. (8.112) becomes 
2 
= ie 
| v= 2V,+Ae “Be 
At t=0, V.=2V,, -. 2V,=2V,+A. But this gives redudant solution. 
Att=T/ 2, voltage across capacitor oe opposite to what it is at ¢=0, This fact can 
be expressed as 
[v, att =0) = ~ We. at t=T/2] 
aT “T 
or 2V,+A=-2V,-Ae BRC 
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v, = 2V,|1-——— | | (8.113) | 





For practical circuits, exp - a << 1. 


_ 

SV. —2exp - ad .. (8.114) 

In Fig. 8.52, v, at ¢=0 is 2V,. But in Eq. (8.114) ; at t=0, uv, =—2V,. In order that Eq. 
(8.114) is compatible with the waveform for vu, in Fig. 8.52, we re-write Eq. (8.114) as 


ne | : ' 
v.=2V, 2 ex - inc) | ( 
It is seen from the waveform of v, and vy, in Fig. 8.52 during the interval t= 0 to t=f, 
2 
that up, =—v,=2V, 1 exp “ie Circuit turn-off time t, is the time taken by Uy to 


become zero from its initial value of — 2V,. Therefore, 


nt, 
vm = 2V, ie e. i 0 





| n* t. ¢ ind 
mf Oa a 
or eee ...(8.116) 
FL 
Also, commutating capacitance, 
2 
n” +t, | 
ry . (8.117) 
= 4R-In2 ( 


Eq. (8.116) reveals that for a given value of load resistance, the value of capacitor should 
be so selected as to give adequate circuit turn-off time t, for the off-going thyristor. In Eq. 
(8.116), ¢, > tag, where tf, is the thyristor turn-off time. It is seen from Eq. (8.117) that if load 
resistance is small, size of capacitor required is large. 


Example 8.14. In a single-phase capacitor commutated parallel inverter using two 
thyristors and a center-tapped transformer, the source voltage is 220 V dc. The 
centré-tapped transformer has a turns ratio from each half primary winding to secondary 
winding of 3: 1, For a load resistance of 20 Q, find the value of capacitor C to obtain 20 
__ps turn-off time on the thyristor. Assume the inductor L large and transformer ideal. Take 
- factor of safety as 2. | 


nt 
Solution. From Eq. (8.115), v, =2V, =2V,|2 on 4R al | 
Here n =1. Circuit mvs time f.=2x 20=40 us 
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The circuit turn-off time is obtained when v, reduces to zero from 2V,. This gives 





6 
=i, 2X — -0,0815 pF. 






PROBLEMS 


8.1. (a) What is an inverter ? List a few industrial applications of inverters. ' 

(b) What are line-commutated inverters ? How do they operate ? Explain the difference between 
line-commutated and force-commutated inverters. - 

(c) What are the two main types of inverters ? Distinguish between them explicitly. . ; 

§.2. (a) Describe the working of a single-phase half-bridge inverter. What is its main drawback : 
Explain how this drawback is overcome. oe 

Discuss how output power in single-phase full-bridge inverter is doubled than that of a single-phase 
half-bridge inverter. ‘ : Sat a 

(b) What is the purpose of connecting diodes in antiparallel with thyristors in inverter circuits » 
Explain how these diodes come into play. ; re 1 seat a 

A single- se full-bridge inverter may be connecte 

R asm 2 RLC cick beaiet Maite REE eer For all these loads, draw the load — and ee 
current waveforms under steady operating condition. Discuss the nature of these waveforms. 
indicate the conduction of the various elements of the inverter circuit. 

Is it possible for this inverter to have load commutation 7? Explain. | . o 

8.4. For a single-phase full bridge inverter, V,= 930 V de, T=1ms. The load consists of RLC in 


1 | 
series with A= 1.2 Q,ia@L = 6 , pO = 7 42. 


(a) Sketch the waveforms for load voltae vp, fundamental companent of output current ae ee 
current i, and voltage across thyristor 1. Indicate the devices that conduct during different intervals ¢ 
one cycle. Find also the rms value of fundamental component of load current. 

(b) Find the power delivered to load due to fundamental component. 

(c) Check whether forced commutation 1s required or not. | a . 

[Ans, (a) 132.586 A (6) 91094.8 W (c) [tis required, ] 

8.5 (a) Write Fourier series expression for the output voltages and currents obtained from single- 
phase half-bridge and full-bridge inverters. | Le . 

(b) Asingle-phase bridge inverter is fed from 230 V de. In the output voltage wave, ne a 
component of voltage is considered. Determine the rms current ratings of an SCR and a diode! 
bridge for the following types of loads : 

(i) R=2 2 (i) ob=22 | , eae 

Find also the repetitive peak voltage that may appear across a thyristor in pare (7) an sy 

[Ans. (i) 73.211 A, zero A, 230 V (72) 51.776 A, 51.776 A, 230 VI 

8.6 (a) A single-phase full bridge inverter is connected to a de source of V,. Resolve the outpu 
voltage waveshape into Fourier series. | = e eee 

(b) A single-phase full-bridge inverter delivers power to RLC load with kt =3Qand A, = ee i 
bridge operates with a periodicity of 0.2 ms. Calculate the value of C so that load commut 3 
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achieved for the thyristors. Turn-off time for thyristors is 12 ys, Factor of safety is 2. Assume the load 
current to contain only the fundamental component. [Ans,. (6) C = 2.148 pF] 
8.7. A single-phase full-bridge inverter feeds power at 50 Hz to RLC load with R=50, L=0.38H 
and C =50 pF. The de input voltage is 220 V dc. 
(a) Find an expression for load current up to fifth harmonic. Also, calculate : 
(6) power absorbed by the load and the fundamental power, 
(¢) the rms and peak currents of each thyristor, 
(d) conduction time of thyristors and diodes if only fundamental component were considered. 
[Ans. (a) 9.086 sin (wt — 80.72°) + 0.357 sin (3 at — 88.90°) + 0,122 sin (5 wt — 89.38") 
(5) 204.54 W, 204.12 W (c) 9.044 A, 4.522 A (ad) 5.513 ms, 4.487 ms] 


8.8. Describe modified McMurray half-bridge inverter with appropriate voltage and current 
waveforms. The total commutation interval may be subdivided into certain well-defined modes for the 
purpose of explaining its operation. 

8.9. (a) For a modified McMurray half-bridge single-phase inverter, find an expression that gives 
the circuit turn-off time for the main thyristor in terms of load current, peak capacitor current etc, 

Discuss how commutating circuit components can be designed on the basis of minimum commuta- 
tion energy. The relevant voltage and current waveforms must be drawn. 

(b) Asingle-phase modified McMurray inverter is fed by a de source of 230 V. The de source voltage 
may fluctuate by + 25%. The load current during commutation may vary from 20 to 80 A. If thyristor 
turn-off time is 20 psec, calculate the values of C and L. Use a factor of safety of 2 


Also, obtain the value of resistance that gives critical damping. 
[Ans. (5) 16,547 pF, 34,1895 pH, 2.875 Q] 
8.10. Describe modified McMurray-Bedford half-bridge single-phase inverter with relevant voltage 
and current waveforms. The working of this inverter may be explained in certain well defined modes. 
Enumerate the simplifying assumptions made. 

_ 8.11. Discuss the principle of working of a three-phase bridge inverter with an appropriate circuit 
diagram. Draw phase and line voltage waveforms on the assumption that each thyristor conducts for 
180° and the resistive load is star-connected, The sequence of firing of various SCRs should also be 
indicated in the diagram. 

8.12. Repeat Problem 8.11 in case each thyristor conducts for 120°. 
8.13. Repeat Problem 8.11 in case load is delta-connected. 
' 8.14. A star-connected load of 15 0 per phase is fed from 420 V de source through a 3-phase bridge 
inverter. For both (2) 180° mode and (&) 120° mode, determine | 
(i) rms value of ioad current 
(ii) rms value of thyristor current 
(iit) load power. _ [Ans. (2) 13.2 A, 9.333 A, 7840.8 W (6) 11.43 A, 8.083 A, 5879.02 W] 
_ §.15.(a) What is the need for controlling the voltage at the output terminals of an inverter ? Describe 
briefly and compare the various methods employed for the control of output voltage of inverters. 
tb) For the series-inverter control of voltage, two single-phase inverters are connected in series. 
Each inverter has output voltage of 400 V and each transformer has primary to secondary turns ratio 
of 1/2. Calculate the resultant output voltage from this scheme in case firing angles for the two inverters 
differ by 30° [Ans: (6) 1545.48 V] 
8.16. (4) What is pulse width modulation ? List the various PWM techniques. How do these differ 
from each other ? 
(6) For a single-pulse modulation used in inverters, show that output voltage can be expressed as 


a MAVEN a ee 
vo= <>: — -sin “> sin nd sin now where 2d is the pulse width. 
n=1,5,5 . 
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Sketch th. i 5 Onm ‘ =“ vi 
tch the variation of a7 08 function of pulse width 2d. Here Vonm 18 the peak value of nth 


Olm 


harmonic component and Yoim that of the fundamental component. 


(c) A single-phase full bridge inverter has rms value of | , 

" Se aa | = Inverter Ni Jue of the fundamental component of ou 
voltage, with single-pulse modulation, equal to 110 V. Compute the pulse width req aired did the ae 
value of output voltage in case de source voltage is 220 V. [Ans: (c) 67.471°, 134.693 V] 


8.17. Fora ena hite bridge inverter, source voltage is 230 V de and the load is series RLC with 
12, @l = 20 and oo = 1-5 &. The output voltage 18 controlled by single pulse modulation and the 
pulse width is 120°, Determine the magnitude of rms values of fu: ird, 1 
harmonic components of the output current. ee ae pb 608 aesenth 
Also, find the power delivered to load. [Ans: 160.43 A, zero, 3.6786 A, 1.8537 A, 25754.7 W] 
Sant (a) For the symmetrical two-pulse modulation shown in Fig. 8.29, prove that 
() the magnitude of nth harmonic voltage is ; 





ous sin ny sin — 
nt Y 9 
-h-2d ad 
: n+1 iN 
where N = number of pulses per half cycle. 
(6) Describe h iple-puls: | a 07 ) | 
Heine ibe ow multiple-pulse modulated wave can be generated from carrier and reference waves. 


(rE) ¥ 


(t) number of pulse per half-cycle, N= pe 
: Den 


(ii) pulse width, 2d _{,_“r) « 
N-|°-¥,| 


where V, and V, are the amplitudes of carrier and reference signals respectively. 
8.19. Explain sinusoidal-pulse modulation as used in PWM inverters. Discuss the conditions under 


which the number of pulses generated per half cycle are 1 or ie 1} Here f, and f are the frequencies 
_ of carrier and reference signals respectively. | 
8.20. A single-phase bridge inverter feeds t t 1 of 
wee ne feeds power to a load of R=129 and L=0.04 H from a 400 V 
ae source, If the inverter operates at a frequency of 50 Hz, determine the power delivered to load for 
a) square wave operation (5) quasi-square wave operation with an on-period of 0.6 of a cycle (c) two 
symmetrically spaced pulse per half cycle with an on-period of 0.6 of a cycle. 
[Ans. (a) 5285.56 W (b) 3400.96 W (c) 2706.34 W] 


. ae (a) For harmonic reduction in single-phase inverters, two identical transformers are used in 
series. If their rectangular output voltage waveforms are shifted from each other by 120°, then sketch 





Fig. 8.53. Pertaining to Problem 8.21 (6). 
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these voltage waveforms and their resultant waveform on the assumption that transformer secondary 
voltages oppose each other. Find also an expression for the net output voltage as a function of time. 
Hence find the percentage derating of the inverter so far as its fundamental power component is 
concerned. | 

(5) A single-phase full bridge inverter has waveforms for its output voltage vg and output current 
ij as shown in Fig. 8.53. Explain and indicate the devices that conduct in the various intervals 


throughout the cycle. | 4V | . | 
Ans (a) vg = aa V3 sin [ + alts sin (50 - ;] +3 sin [70 + 3} ! i 18.4% 


(6) T4D2, D1D2, T1T2, T1D3, T2D4, D3D4, T3T4, T3D1, T4D2 etc 
or T3D1, D1D2, T1T2, T1D3, T2D4, D3D4, T3T4, T4D2, T3D1 ete. 


8.22. The stepped wave output voltage waveforms of Figs, 8.54 (a) and (5) are to be obtained by 
the series cascading of two stepped-wave inverters. Describe how these wave-forms can be realized. 
Illustrate your answer with appropriate waveforms through the use of two-level or threu-level modula- 
tions. For Fig. 8.54 (a) and only two-level modulations for Fig. 8.54 (b), 





T/2 | TT 
7 a 7 ) 
Fig, 8.54. Pertaining to Problem 8.22. 

8.23, (a) A single-phase CSI is fitted with ideal SCRs. Describe its working when its load is a 
capacitor C. Show that the frequency of input voltage to CSI is twice the frequency of triggering the 
thyristors. | | 

(6) A single-phase CSI (with ideal switches) has the following data : 

f[=30A, f=500 Hz, Load capacitance = 20 uF 
For this inverter, calculate 
(r) the circuit turn-off time. 
(it) the peak value of reverse voltage that appears across thyristors, [Ans. (6) 500 us, 500 VJ 
8.24, (a) Describe a single-phase capacitor-commutated CSI connected to load R with the help of 
its power circuit diagram and waveforms for gating signals, load current, capacitor voltage and current 
input voltage and voltage across one thyristor. | | 

From the equations governing its performance, show that load current is given by 
__exp.(-t/RC 
1+ exp. (-T/2RC) 
(6) A single-phase capacitor-commutated CSI connected to load R has the following data : 

R=400, C=50pF, f=500 Hz, Source current =40 A 











ig 11-2 


For this CSI. 


(1) obtain an expression for the output current as a function of time and find its value at 
t=Oandt=T/2, 
(tt) find the circuit turn-off time, 
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(it) compute the average value of input voltage and the power delivered to load. 
lAms. (6) 40 [1-1,.245 exp. (-5004],-9.8.4,9.8A: 438.14 us ; 32.52 V, 1300.8 W] 
8.25. Describe a single-phase auto-sequential commutated CSI with L load. Write appropriate 
expressions governing its performance and prove therefrom that total circuit turn-off time for this 
inverter is given by 


c= +5) 
Waveforms for gating signals, capacitor voltage and current and load current should also be 
sketched. Find also the circuit turn-off time for each thyristor. [Ans. ¢, for each thyristor = VLC] 


8.26. A single-phase ASCI has the following data : 
Load inductance, L = 4 wH, Source current = 20 A 

Time during which four diodes conduct = 10 us 

For this CSI, determine 

(a) the value of commutating capacitance, 

(6) the total commutation interval 

(¢) the maximum capacitor voltage and 

(@) the circuit turn-off time for each thyristor. [Ans. 10.132 pF, 16.366 ws, 25.133 V, 6.366 ps] 

8.27. In a 1-phase ASCI, with load L, SCRs T3, T4 are conducting a constant current J= 10. If 
Tl and T2 are turned on at ¢=0 to force commutate T3, T4; find the time required for the load current 
to fall to zero. Load L = 10 4H and commutating capacitance C = 6 F. Find also the total commutation 

interval and the circuit turn-off time for each of the SCRs. [Ans. 15.858 pts, 19,913 ps, 7.746 jis] 

| 8.28. A single phase auto-sequential commutated inverter is used to deliver power to a load of 
R=12 0 from a 240 V dc source, If the inverter output frequency is 60 Hz, thyristor turn-off time 15 
us and factor of safety 2, then determine the suitable values for source inductance and the commutating 
capacitors. Neglect all losses and assume a maximum current change of 0.4 in one cycle. 


Derive the formula used for determining C. [Ans. 10 H, 3.6067 pF] 
8.29 (a) Describe the working of a single-phase series inverter with appropriate circuit and 
waveforms. | 


(6) For this inverter, derive an expression for the output frequency in terms of circuit parameters 
and Typ 
% 8.30 In a self-commutated SCR circuit, the load consists of an inductance of 12 mH, a capacitance 
of & uF and a resistance of 15 all connected in series. Check that the circuit will commutate by itself 
when triggered from zero charge conditions on the capacitor. 
2 Calculate the voltage across the inductor and capacitor at the time of commutation. Find also 
—, |at £= 0. | | a 
| [Ans. It will commutate, — 0.538 V,, 1.538 V,, 83.33 A/s] 
8.31 Describe the working of a single-phase parallel inverter with relevant circuit and waveforms. 
(8.32 A single-phase parallel inverter delivers power to a resistive load through a centre-tapped 
ideal transformer. Derive expression for the capacitor voltage on the assumption of constant source 
current. Hence obtain therefrom an expression for the circuit turn-off time. 
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_AC Voltage Controllers 


| AC voltage controllers are thyristor based devices which convert fixed alternating voltage 
directly to variable alternating voltage without a change in the frequency. Some of the main 
applications of ac voltage controllers are for domestic and industrial heating, transformer tap 
changing, lighting control, speed control of single-phase and three-phase ac drives and 
starting of induction motors. Earlier, the devices used for these applications were 
bah ian aee eS tap-changing transformers, magnetic amplifiers, saturable reactors etc. 
, ne these devices are now replaced by thyristor-and triac-based ac voltage controllers because 
0 their high efficiency, flexibility in control, compact size and less maintenance. AC voltage 
controllers are also adaptable for closed-loop control systems. Since the ac voltage controllers 
are phase-controlled devices, thyristors and triacs are line commutated and as such no 
gibi commutation circuitry 1s required in these controllers. The main disadvantage of ac 
voltage controllers is the introduction of objectionable harmonics in the supply current and 
load voltage waveforms, particularly at reduced output voltage levels. 
Sebati te = this pes is to ae single-phase ac voltage controllers so far as their 
| : ol WOrKIng and gating signal requirements are concerned. Thei in transforme 
tap changers is also considered. ; ArT See ter 
9.1. TYPES‘\OF AC VOLTAGE CONTROLLERS 

The power circuit diagram of a single-phase half-w; | trol 
The p: ( ag 2-phase half-wave ac voltage controller using one 

thyristor in antiparallel with one diode is shown in Fig. 9.1 (a). In this figure, R is bales nt 





| aes (b) 
Fig. 9.1. Single-phase half-wave ac voltage controller (2) Power-circuit diagram 
and (6) voltage and current waveforms. 
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the load for simplicity. The output voltage and current waveforms obtained from this 
controller are shown in Fig. 9.1 (5). It is seen from this figure that positive half cycle is not 
identical with negative half cycle for both voltage and current waveforms. As a result, de 
component is introduced in the supply and load circuits which is undesirable. 


(27 +c) 





(a) (5 
Fig. 9.2. Single-phase full-wave ac voltage controller (a) Eanee-ctvesit diagram 
and (5) voltage and current waveforms. 

Fig. 9.2 (a) shows the power circuit diagram of a single-phase full-wave ac voltage 
controller with two SCRs connected in antiparallel. For this controller, voltage and current 
waveforms are shown in Fig. 9,2 (6). This figure reveals that positive half cycle is identical 
with negative half cycle for both voltage and current waveforms. The power circuit of Fig. 
9.2 (a), therefore, introduces no direct component in the supply and load circuit, This circuit 
is thus more suited to practical circuits than single-phase half-wave circuit. In this chapter, 
therefore, only full-wave ac voltage controllers are described. 

9.2. INTEGRAL CYCLE CONTROL 

It is stated above that ac voltage controllers are phase-controlled devices. The principle 
of phase control is illustrated in Figs. 9.1 and 9.2. In these figures, the phase relationship 
between the start of load current and the supply voltage is controlled by varying the firing 
angle. As the controlled output is ac, these are called phase-controlled ac voltage controllers 
or ac voltage controllers. | 

In industry, there are several applications in which mechanical time constant or thermal 
time constant is of the order of several seconds, For example, mechanical time constant for 
many of the speed-control drives, or thermal time constant for most of the heating loads is 
usually quite high. For such applications, almost no variation in speed or temperature will 
be noticed if control is achieved by connecting the load to source for some on-cycles and then 
disconnecting the load for some off-cycles. This form of power control is called integral cycle 
control. So integral cycle control consists of switching on the supply to load for an integral 
number of cycles and then switching off the supply for a further number of integral cycles, 
Fig. 9.3. 

The principle of integral cycle control can be explained by referring to Fig. 9.2 for a 
single-phase voltage controller with resistive load. Gate pulses tj, tq turn on the thyristors 
Tl, T2 respectively at zero-voltage crossing of the supply voltage. The source energises the 
load for n (= 3) cycles. When gate pulses are withdrawn, load remains off for m (= 2) cycles. 
In this manner, process of turn-on and turn-off is repeated for the control of load power. By 
varying the number of n and m cycles, power delivered to load can be regulated as desired. 
The waveforms for source voltage v,, gate pulses and output voltage vu, are shown in Fig. 9.3 
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Fig. 9.3. Waveforms pertaining to integral cycle control. 
forn=3 and m = 2. Power is delivered to load for n cycles. No power is delivered to load for 
m cycles. It is the average power in the load that is controlled. 


In literature, integral cycle control is also known as on-off control, burst firing, 
zero-voltage switching, cycle selection or cycle syncopation. ns aint 


For sinusoidal supply voltage, the rms value of output voltage V,, can be obtained as 
under : 


oe: fain 2 
Vor = periodicity 


f Vin sin” wt d (wt), for first on-cycle 

7 J, V;, sin’ ot - d (at), for second on-cycle + ......+ 
en P ; 

J 0 V;, sin’ at - d (wt), for nth on-eyele 


For n on-cycles and m off-cycles, the periodicity = (n + m) 2n radians, see Fig. 9.3. 


On 1/2 
iF. fl a 
V0 |aecitrm fo Yasin? ot 200] 


nVn, a 
= ae I, (1 —cos 2at) d con 


: Vin “| n n rr SE | 
or Vor = Tp Serge =\, = han =V, vk A921) 








where V, = rms value of source voltage 
and r= = oe is the duty cycle of ac voltage controller. 
Rms load current, te oe 
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Vi Ve | mh) kV; 








Power delivered to load = RR nem = (9.2) 
Rms value of input current, J,=rms value of load current, J,, 
Input VA = V, (rms value of source current) 
Vor 
=V,-1,=V, ‘Lop = Vs " PR 
Input VA x pf = power delivered to load | 
. Input pf lal (9.3) 





As each thyristor conducts for m radians during each cycle of n on-cycles, the average 
value of thyristor current is given by 


a ink 
Ira = 7 I, I, 3in @t + d (wt), for first on—cycle + 
opt 
= I, I, ° sin wt - d (wf), for second on—cycle +- ...... + 
it 
=|, I, * sin wt - d (at), for nth on—-cycle] 


tr I, sin ot - d (at) 


~ On a +m) “6 
I | 7 P 
aon) — ...(9.4) 
mt m+n Tt 
Similarly, rms value of thyristor current is 
Le 
: 2 
lep= ao oI, j, 2, sin? at -d (o) 
1 | L_, vk 
ating fs ce (9.5) 








2 Yn+m 2 

Integral cycle control introduces less harmonics into the supply system, the supply 
undertakings therefore insist upon the consumers to use integral-cycle method for heating 
loads and for motor-control drives. 

AC voltage controllers with on-off control has specific applications as discussed above. 
Phase-controlled ac voltage controllers are, however, more common. As such, phase- controlled 
ac voltage controllers will only be discussed and analysed in what follows : . 

Example 9.1. A single-phase voltage controller has input voltage of 230 V, 50 Hz and a 
load of R= 15 Q. For 6 cycles on and 4 cycles off, dateretlive (a) rms output voltage, (b) Input 
pf and (c) average and rms thyristor currents. 

‘Solution. (a) From Eq. (9.1), rms value of output voltage is 


“A [_ 6 6 
; Coc 








(6) From Eq. (9.3), input pf 
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, | : <a 

Also power delivered to load =I2. R= Vor ee 2116 W 
FR AS 
Input VA = 230 x =a 8 9731.14,VA 
ie 2116 
ail | pt =o — rT 
nput p 2791.74 > 0.7746 lag 
(c) Peak thyristor current, I, = 28022 21.681 A 
From Eq. (9.4), average value of thyristor current, 
ki, 0.6x 21.68 
Igy = = = OSX ERGST _ 4 1407 A 


From Eq. (9.5), rms value of Hisristor current, 
I 4: Vk _ 21.681 V0.6 
iS ity! Oe op 
2 2 

9.3. SINGLE-PHASE VOLTAGE CONTROLLERS 7 
Fig. 9.4 shows three possible configurations of single-phase ac voltage controllers. Fig. 
9.4 (a), similar to Fig. 9.2 (a), uses two thyristors connected in antiparallel. The trigger sources 
for the two thyristors must be isolated from one another because otherwise the two cathodes 
would be connected together and the two thyristors would be out of circuit as shown in Fig, 

9.4 (6). Thus, no control of the output voltage would be possible. 


= 38.397 A 


—Trigger 





Fig. 9.4. Single-phase ac voltage controllers. 

| Scheme shown in Fig. 9.4 (c) employs four diodes and one thyristor, For this circuit, there 
is no need for any isolation between control and power circuits. This scheme, therefore offers 
a cheap ac voltage controller. The voltage drop in the three conducting devices (two diodes 
and one thyristor) will, however, be more than in Fig. 9.4 (a). 

The circuit shown in Fig. 9.4 (d@) uses one triac. This configurtion is suitable for low-power 
applications where the load is resistive or has only a small inductance. The triggering circuit 
for the triac need not be isolated from the power circuit. 
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9.3.1. Single-phase Voltage Controller with R Load 

Fig. 9.5 (a) shows a single-phase voltage controller feeding power to a resistive load FR. 
As stated before, two thyristors are connected in ant.parallel. Waveforms for source voltage 
v,, gating pulses i,; t,. load current ip, source current i, load voltage vg, voltage across T1 
as U;, and that across T2 as v7. are shown in Fig. 9.5 (5). 








= i fi mh ee a oe» 7 
1 


lols | | rf 12 


1 
ae 


(a) b 
Fig. 9.5. (2) Single-phase ac voltage controller with R load 
(6) Voltage and current waveforms for figure (ca). 

Thyristors T1 and T2 are forward biased during positive and negative half cycles 
respectively. During positive half cycle, T1 is triggered at a firing angle a. T1 starts conducting 
and source voltage is applied to load from o to x. At x, both vp z, fall to zero. Just after n, Ti 
is subjected to reverse bias, it is therefore turned off. During negative half cycle, T2 is 
triggered at (n+ a). T2 conducts from n+ to 2x. Soon after 2x, T2 is subjected to a reverse 
bias, it is therefore commutated. Load and source currents have the same waveform. 

From zero to a, Tl is forward biased, vp,=v, as shown. From a, T1 conducts, v7, is 
therefore about 1 V. After 2, T1 is reverse biased by source voltage, therefore vy, =v, from 


Downl From : www.EasyEngineering. 
© Wiki Engineering ownloaded Frome WwW Eas Tae 


| Downloaded From : www.EasyEngineering.net 


398 [Art. 9.3] Power Electronics 
ntom+a. Froma+ a to 2x, T2 conducts ; Tl is therefore reverse biased by voltage drop across 
T2 which is about 1 to 1.5 V. The voltage variation vy, across SCR T1 is shown in Fig. 9.5(b). 
Similarly, the variation of voltage vz, across T2 can be drawn. In Fig. 9.5 (6), voltage drop 
across thyristors Tl and T2 is purposely shown just to highlight the duration of reverse bias 
across Tl and T2. Examination of this figure reveals that for any value of oe each thyristor 
is reverse biased for 1/@ sec. 

There is thus no restriction on the value of firing angle a. Firing dedlve can, therefore, be 
controlled from zero to nm and rms output voltage from V, to zero. Here V, is the rms value of 
source voltage. 

“, Circuit turn-off time, t 


== sec 


Harmonics of output quantities and input current. It is seen from Fig. 9.5 (5) that 
waveforms for output quantities (voltage vg and current i,) and input current i, are 
non-sinusoidal, These waveforms can be described by Fourier series. As the positive and 
negative half cycles are identical, dc component and even harmonics are absent. 

The output voltage Ug can be represented “ Fourier series as under : 


Vo= Sas sin ae SB nies ride (9.6) 
nai,3,5 n= i,3, BY 
j et | ; , . 
where * ‘4 A,= = J, Up (wf) sin not - d(at) (9.7) 
5 ® ; 
and a B= = f. U, (wt) cos nat - d(at) . (9.8) 
The load voltage v, during the first half cycle is 

| Vop= Ve SIN O....a<ai<n — : (9.9) 

Substitution of vg from Eq. (9.9) in Eqs. (9.7) and (9.8) gives 

QV. f 
A, = =. sin a - sin nat - d (af) 


=—2 [cos (n — 1) wt — cos (n + 1) wt] d(wt) 
_Vm|{sin(n+i1)o sin(n—-1)o 5 50) 
. x | n+1 n-l wwe het LU, 


9 Tt 
and B= an I. sin at - cos nae - d(cr) 


ae! 
= [sin (n + 1) at — sin (n — 1) af] d(at) 
_ Vin cos (n +1) 0-1 Seniesa (9,11) 


T n+] - 
Wik V,, = V2 V, and V, = rms value of source voltage . 
For obtaining Eq. (9.11), note that for n= 1, 3, 5...cos (n + 1) m= 1 and cos (n — 1) n= 1. 
The amplitude of the nth harmonic output voltage V,,, and its phase 9, are given by 





D ] F Je) 
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Tis Bmodépetausia® (9.124) 

Vin = (AX +B, and o,, = tan A. 
and Iam = “i = nth harmonic load current (9,120) 


For fundamental frequency, i.e. for n = 1, V;,, and >, cannot be obtained from Eqs. (9.10) 
to (9.12), because these become indeterminate for n= 1. This difficulty can, however, be 
overcome by putting n= 1 in Eqs. (9.7) and (9.8) and substituting the value of vp from Eq. 


(9.9). | 
BO een al om (AO ae 8 (9,13) 
A; = < J Va sin” ct - d(at) = z 9 + (x 2) i. 
\ 94-1 . 
and B= = {: V,, sin wt: cos at - d(at) = arate (9.14) 


From the coefficients A, and B,, the peak value of the fundamental frequency voltage 
Vim and its phase 9, are given by 


Vim ma [Aj + Bar 


| 2 2 41/2 | 
tT 2 aes. ere Oy 
Lin= a = amplitude of fundamental component of load or source current (9,150) 
Bi, i cos 2a-—1 Pp 
fn 1 1 _ | eee Se (9.16) 
and wae A, Fe 20. + 2(t — a 


When ac voltage controller is used for the speed control of a single-phase induction motor, 
only fundamental component is useful in producing the torque. The harmonics in the motor 
current merely increase the losses and therefore heating of the induction motor. 

For heating and lighting loads, however, both fundamental and harmonics are useful in 
producing the ac controlled power. In such applications, rms value V,, of the output voltage 
should be known. It can be obtained from Eq. (9.9) as follows : 


es 1/2 
Vo-= 2 J V2, sin’ wt - To) 
Ta | 


Vin {1 , ie ve ae 
=Ja lit to sm 20 ...(9.17a) 
and I= p= rms value of load, or source current (9,176) 


The average power P delivered to load of resistance f Is 
pobre a [ix—c9+3 sin2a| 





R 2k 
oa Ne | i = mm ..(9.18) 
= — jena 9 Sin 2a| 


Maximum power P,,,,. is delivered to load when a = 0. 
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Pinos = Sp 
TH | 
= ele 
This gives ee (7 — ) +5 sin 20 
tee 2 


In terms of harmonic components, 


= = (Vi, + Vogt Vogt eee) 


Fig. 9.5 (b) shows that source current waveform is identical with load current waveform. 
This shows that expressions for both load and source currents for the appropriate harmonics 
are the same. 

Power Factor. Assuming that source voltage remains sinusoidal even though 
non-sinusoidal current is drawn from it, the power factor is given by 


p= Realpower ___ Vsti costs _f1 “608 1 (9.19) 
PI= Apparent power Voie La. : 
where I,= wee rms value of fundamental component of source current 


. given by Eq. (9.15 0) 
Img = Ipp= rms value of source current, Eq. (9.17 6), 
, = phase angle between V, and J,, Eq. (9.16) 
Another expression for pf can be obtained as follows : 
2 


or 


Real power delivered to load = R 





Apparent power delivered to load 


= V; T= Vs ap 
Vol R  _ Vor 


PI=VoV,7R V, 


1/2 
V, , el ss ‘Qe 
From Eq. (9.17), pf= 7 -|t \c -@) +5 sin 2a (9.20) 


The maximum value of rms output voltage and current occurs at a= 0 and are given by 
V, and V,/R respectively, Eq. (9.17). For 0. = 0, harmonics are absent, these are therefore also 
the maximum values of fundamental rms voltage and current. 

Example 9.2. A single-phase voltage controller feeds power to a resistive load of 3 Q from 
230 V, 50 Hz source. Calculate : 

(a) the maximum values of average and rms thyristor currents for any firing angle ©, 

(b) the minimum circuit turn-off time for any firing angle a, 

(c) the ratio of third-harmonic voltage to fundamental voltage for «= = 

(d) the maximum value of di/dt occurring in the thyristors, 

(e) the angle o. at which the greatest forward or reverse voltage ts applied to either of the 
thyristors and the magnitude of these voltages. 
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Solution. (a) It is seen from Fig. 9.5 (6) that current through thyristor flows from a to 
nt for the first cycle of 2n radians. Therefore, average ane current is given by 
Ip aye x| = — sin wt « d(ct) = wit (1 + ¢08 a) 


Its maximum value occurs when «= 0. Therefore, maximum value of average thyristor 


current is 
Vn V2%2980 || 
Ie ava = mR eed Te 34.512 A 
Rms thyristor current is 
1/2 
! =. [| o 
= ‘(Fs ‘ -d(ot) 
i 
ar t=) ‘a =: 9 Sin 20 
Its maximum value occurs at a=0 
ee AL an 230 
ates a9 ee 4211 A 
Inu — VnosmR ott 
“ie Trav 2R Vy 2 
Iny= e x 34,512 = 54,211 A 


(6) Waveforms for v7; Uzg in Fig. 9.5 (6) show that for any value of firing angle a, the 


circuit turn-off time is always 7 radians. 
beh ely pe 0.01 sec = 10 m-sec. 


Tt 
'. Circuit turn-off time = o nf 2f 2x50 


(c) f or third harmonic, from Eq. (9. 10), 
ii i ty ] ) | 


a4 | 
and from Eq. (9.11), B, =—™| 208-240" — 1 cos 120° —1 = 0.3752 


The amplitude of third harmonic voltage, from Eq. (9.12), is 
m= (43 +B? = 0,75 


The amplitude of fundamental frequency wills from Eq. (9.15) a 
2° 1/2 
| Valfsin120 (_ 2’ cos s 120° - 1) 
= m9 +|n-3 si agian hed 


= 2.63634 —= 
Tt 


Vom. -0,75 
- Veo 2 63694 — 2845 
(d) As there is a sudden rise of current from zero to Vin JR sin & at firing angle a, we at 


is infinity. 
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(e¢) The waveforms of v7, vy in Fig. 9.5 (b) reveal that the greatest forward or reverse 
voltage would appear across either of the thyristors when o =" or &@> = The magnitude of 
these voltages is V,, = V2.V,. ‘ ; 

9.3.2. Single-phase Voltage Controller with RL Load | 

Fig. 9.6 (a) shows a single-phase voltage controller with RL load. In Fig. 9.6 (b) are shown 
wayeforms for source voltage v, gate currents £,, and i, load and source currents i, and i,, 
load voltage up, voltage v7, across SCR T1 and voltage v7, across thyristor T2. 








i 
Li 
q 
a 
a 

a 


I 
(1r+a+7) 





Voss | 





(c) aso (6) a>6 
| Fig. 9.6. Single-phase voltage controller with RL load. 

During zero to x, T1is forward biased. At wt = a, T1 is triggered and i, = ip; starts building 
up through the load. At r, load and source voltages are zero but the current is not zero because 
of the presence of inductance in the load circuit. At 8 >, load current reduces to zero. Angle 

| B is called the extinction angle. After x, T1 is reverse biased:but does not turn off because 
fj 1s not zero. At B only, when ip is zero, T1 is turned off as-it is already reverse biased.- After 
the commutation of T1 at B, a voltage of magnitude V,, sinB at once appears as a reverse 
bias across’ T1 and as a forward bias across T2, Fig. 9.6 (6). From B to m+ a, no current exists 
in the power circuit. Thyristor T2 is turned on at-(n+ a) >. Current tg = i7) starts building 
up in the reversed direction through the load. At 2n, v, and vy are zero but i; = ip is not zero. 
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At (x+@+y),i~.=0 and T2 is turned off because it is already reverse biased. At 
(n+ a+), V,, sin (t+ o.+}) appears as a forward bias across T1 and as a reverse bias across 
T2, Fig. 9.6 (6). From (n+ +7) to (2m+), no current exists in the power circuit. At 
(2x+), Tl is turned on and current starts building up as before. 

When Tl conducts, voltage drop across it appears as-a reverse bias across T2. Similarly, 
when T2 conducts, U7 appears as a reverse bias across T1. It is seen from Fig. (9.6 6) that 
waveform U7) is obtained after inverting waveform v7, Waveform v7, shows that Tl is reverse 
biased for x radians. Same is true for thyristor T2. Therefore, circuit turn-off time ¢, for each 
SCR, for any firing angle a, is 

{.=1/@ sec. 
The expression for load current ig can be obtained as under : 


The KVL for the circuit of Fig. 9.6 (a) gives 
| 3 di 
Veh sin ot = Rig +L ...0. < ot < B 
The solution of this equation is of the form 


hee sin (at — 9) + Ae" | A921) 
where Z=(R* +(aLy]'" | 
and g=tan’ | (@L/R) (9.22) 


Constant A can be obtained from the initial condition according to which 1,=0 at 
ot= ate, att=a/o, Theretore, 
V , 
O=+ sin (a= >) + Ae” fos 


V ? 
or A=- > sin (a — 6) e*"" 


Substitution of this value.of A in Eq. (9.21) gives tp as 


n= |i (@¢ — 6) — sin (&— 0) exp if (o-} 180 
(9 | 


23) 
It is seen from Fig. 9.6 (b) that i)=0 again at f 
ot = or at t= 6/o. Substitution of this condition in * 
Eq. (9.23) gives 


sin (6B —o)= sin (a — ): exp| ae (9.24) 


Extinction angle B can be obtained from Eq. 
(9,24), 


The conduction angle y during which current 









flows from arigle @ to angle § is given by 0° | er ) 
y=B-o 149.25) 30° 60° 90° 120° = ‘180°. 
_ For a'given value of load phase angle’¢, angle Fig. 9.7. v meeueiee euryes for 
B is determined for various values of/a from Eq. ac voltage controller of Fig. 9.6 (@), 
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(9.24) and thus a relationship between and @ can be realized from Eq, (9.25). For the vari ous 
values of yand a, curves shown in Fig. 9.7 are obtained for different values of o. Note that 
phase angle @ cannot exceed 90°. : 

It is seen from Figs. 9.6 (5) and 9.7 that as a1s decreased, the conduction angle y increases. 
The waveform of current i, in Fig. 9.6 (6) reveals that for 7 <7, ty through T1 flows from 
ato (a+y7)= 8. Tl remains off from a+y upto (w+ a). At (x +a), bre through T2 flows from 
nm+o to m+a+y. T2 remains off from 7+ o+ ¥ to 2m + Ch. At 2n + 0, Tl is turned on. yea 
progressive decrease in i, 'y may become equal to m. Under this condition, when yis just nay 
to m, T1 will be on from ato m+ and i7, flows from a tom + o. Further, T2 will be on from 
n+ oto 2n+o and current i) flows from m+ o. to 2n +a. Thus, 


when ¥=Tf, 0 to ao —T2 conducts 
oa to(m+a)—Tlconducts LA) 
(n+ 0) to (20+ «) —T2 conducts and so on 
This shows that load current will never become zero for any segment of time and therefore 
for all the time, load is connected to source. Thus, for y=", the load voltage 4s Ne to 
sinusoidal source voltage provided the voltage drop in thyristors 18 neglected. Under these 
conditions, load behaves as if it is being fed directly by the ac source. 


What is the value of o for which y=n and load is directly connected to ac source ? For 
this, consider that RL load, with load phase angle 6, is connected directly to ac source, Under 
steady state, the load current will be a sine wave and lag behind the voltage wave by an angle 
as shown in Fig. 9.6 (c). The current is positive from to m+ o and negative from Tt + db oe 
In+ o, Fig. 9.6 (c). Hf it is required to obtain the current waveform of Fig. 9.6 (c) through the 
épération of power circuit of Fig. 9.6 (a), then 
rom 0 to ¢ —T2 conducts | 
ae oto (m+ s —T1 conducts AB) 

(m+ ) to (2x + >) —T2 conducts and so on 

A comparison of expressions (A) and (B) reveals that when 4 = 6, y=. This can be verified 
by. referring to Eqs. (9.24) and (9.25). When a=4, Eq. (9,24) gives 

sin (8 -—a)=O0=sinn 
Or (j}-a)=" 

From Eq. (9,25) Y= —P—M=T. | , 

This shows that for 1-phase ac voltage controller, waveforms of Fig. 9.6 (b) are applicable 
only when o > ¢ and that of Fig. 9.6 (¢) for a= 9. 

Operation with «<9. Assume that ac voltage controller is working under steady state 
with a=. From zero to o, T2 conducts and from to(x+), T1 conducts ; from 
x+ to 2+, T2 conducts and so on. Now let a be decreased below ¢. When T1 is ser 
at o <, T1 will not get turned on because it 1s reverse biased by voltage drop in T2 whicl | 
is conducting current i7,. T1 will get turned on only at > when i72=0 and ‘reverse bias due 
to voltage drop in T2 vanishes. Now T1 will conduct from $ to 7 + 9. T2 will be wep Ore at 
an angle (r+) <(x+ 0). As T1 is conducting, a voltage drop in Tl will apply a reverse bias 
across T2, as a result T2 will not get turned on at w+ a, but only at 7 ; , oe n= 0). ae 

9 will conduct from m+ to 2+ and so on, This shows that load voltage and curren 
SS Ria Tah shane from shat they are at a=. Thus the reduction of o below is 
not able to control the load voltage and load current. The ac output power can be Ne 
only for o > . Note that for a <6, y remains equal to m. Thus the control range of firing angle 
is d6<a< 180°, 
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Gating signal requirements. For FR load as in Fig. 9.5; thyristor T1 stops conducting 
atm, T2 is now forward biased after m, When T2 is triggered at x +, it gets turned on as it 
is already forward biased by source voltage. Thus pulse gating is suitable for R load as shown 
in Fig, 9.5. 

Pulse gating is, however, not suitable for RL loads; The reason for this can be explained 
by referring to Fig. 9,8. At o, T1 is fired and the current flaws as shown. At n+ o, T2 is fired. 
As T1 is still conducting, voltage drop across T1 reverse biases T2 at 7+ o,.T2 is therefore 
not turned on at m+. At (a+ 7), 17, decays to zero and T1 stops conducting, as a result T2 
gets forward biased but the gate pulse /,. applied to T2 at x + @ is already zero and therefore 
TZ does not get turned on. At (21+ a), gate pulse is applied to T1, it gets turned on because 
it is already forward biased by source voltage. At (3n +a), when T2 is pulse gated, it will not 
turn on as explained earlier, Thus, the a.c. voltage controller gives asymmetrical output 
voltage waveform due to the conduction of T1 alone. This half-wave rectifier operation of the 
ac voltage controller is undesirable. This difficulty can be overcome by applying a continuous 
gate single to the SCRs T1 and T2 so that when i; becomes zero at (a+), T2 gets turned 
on due to the’presence of continuous signal. A continuous gate signal is shown in Fig. 9.6 (b), 
The duration of a continuous gate signal should last for a period of (x — «)/m seconds. Strictly 
speaking, sustained gate pulse may not last from o. to m as shown. For w= or a>, a gate 
pulse of narrow width is sufficient to trigger the SCR. In case o < $, minimum width of gate 
i should be equal to $ plus the angle required for the current to reach latching current 
value. 






eT 
| : 
| 


Tr 










rr % ew (2m +0) , wot 
i [ f 


(27 +o) jut 
Fig. 9.8. Single-phase voltage controller with Fig. 9.9. Types of gating signals 
FL load with pulse gating. (2) pulse gating (6) continuous gating 


(c) high-frequency carrier gating. 

In practice contmuous gating is undesirable as it leads to more heating of the SCR gate 
and at the same time, it increases the size of the pulse transformer, The technique that 
mitigates the above disadvantages of continuous gate signal and ensures thyristor turn on 
is to use a train of firing pulses from o to x as shown in Fig. 9,9 (c). This type of signal is also 
termed as high-frequency carrier gating. | 

Example 9.3. A single-phase voltage controller is employed for controlling the power flow 
from 230 V, 50 Hz source into a load circuit consisting of R=3 Qand aL=4. Calculate 

(a) the control range of firing angle, 
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(6) the maximum value of rms load current, 
(c) the maximum power and power factor, 
(d) the maximum values of average and rms thyristor currents, 
(e) the maximum possible value of di/dt that may occur in the thyristor and 
(f) the conduction angle for 0 = 0° and a= 120° assuming a gate pulse of duration mradtan. 
Solution. (a) For controlling the load, the minimum value of firing angle a = load phase 


angle, RF tan tote tan ' = 


Rien angle control range is 53.13° < a < 180°, 
(b) The maximum value of rms load current J, oceurs when 0=$=53.13°. But at this 
_ value of firing angle, the power circuit of ac voltage controller behaves as if load is directly 
connected to ac source. Therefore, maximum value of rms load current is 
r= 230 230 sa 
(c) Maximum power =I} R=46"x 3=6348 W 


I;R 46x3 
Power factor = Vals 3 = 990 = ().6. 


= 53.13°. The maximum possible value of o 1s 180°, 


(dq) Average thyristor current is maximum when «= 4 and conduction angle y=n. From 
Fig. 9.6 (c), 


ate yy 
[vy avém = = sin (ot — ) d( aoe 


-—2 2 2 x 230 
= cietmide o 20.707 A. 


Similarly, maximum value . rms thyristor current 1s 


; 2 . 
“ sin (a — ah aw} 





di | | 
(¢) Maximum value of ay occurs when a=. From Eq, (9.23), 


di 
dig @ : igen 
a. Z cos (jf — o) — 


Its value is maximum when cos (at — o) = 
a 
E eh 220.2080, 2.0437 x 104 A/sec. 


-(f) For a=0°, Fig. 9.7 shows that conduction angle y is 180°. For o=120° and 
6 = 53.15°, Fig. 9. 7 fives a conduction angle of about 95°. 


Example 9.4. For the circutt shows tn Fig. 9.10 (a), sketch the waveforms of output voltage 
and current for the following values of firing angles. 
(a) Only T2 is triggered at at = 0, 2n, 4n etc. 
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(b) Only T1 is triggered at ot = 0, 2x, 4n etc. 

(ce) T2 ts triggered at wt =0, 2n, 4n etc. But TI ts triggered at of =o, 2n+a,4n+ 0 and : 
on. Take ow around 40°. | 

Solution. (a) At @=0°, supply voltage is passing through zero and becoming positiy 
Therefore, when thyristor T2 is triggered at wt=0, 2n, 4x ete. it gets turned on and loz 
voltage vy equals source voltdge v,. At x, 3m etc, as source voltage tends to become negativ 
T2 is turned off as load current fy is zero. Load voltage v, =0 from r to 2n etc, as shown 1 
Fig. 9.10 (6-2), For R load, current waveform is identical with voltage waveform. 








----{2.230V 
\{2.115V 






(a) 


Fig. 9.10, Pertaining to Example 9.4. 

(b) This part is similar to part (a), except that the voltage apenas is no 
V2 - 230 volts, Fig. 9.10 (b-iz). 

(c) At at =0, 2n, 4x etc. when T2 is triggered, it gets turned on and vy = V2.115 sin at, é 
ot =a, 2n+o, 40+ a etc. when forward biased thyristor T1 is triggered, it gets turned on. Bi 
when Ti gets on, a voltage equal to V2 -115 sino appears as reverse bias across T2, it ' 
therefore turned off at af=«a,2n+a etc. Thus, from of=Otoa,v, follows the curv 
¥2 . 115 sin wt but from wt =o to 7, vp follows the curve V2 - 230 sin wt as shown in Fig. 9.1 
(b-iii), From nto 2n,vg=0. From 2r to 2n+0,v9=V2.115 sin wt and from 27+ to 3: 
Up =V2 - 230 sin mt. As the load is resistive, load current waveform is identical with loa 
voltage waveform. 

9.4. SEQUENCE CONTROL OF AC VOLTAGE CONTROLLERS 
(TRANSFORMER TAP CHANGERS) 

Sequence control of ac voltage controllers is employed for the improvement of system ] 
and for the reduction of harmonics in the input current and output voltage. Sequence contr 
of ac voltage controllers means the use of two or more stages of voltage controllers in parall 
for the regulation of output voltage. The term ‘sequence control’ means that the stages | 
voltage controllers in parallel are triggered in a proper sequence one after the other 30 as 1 
obtain a variable output with low harmonic content. 

The object of this section is to, describe two-stage as well as multistage sequence eantr 
of voltage controllers. A single-phase sinusoidal voltage controller is also ‘explained, _ A 


Downl From : www.EasyE 1g.net 
© Wiki Engineering ownloaded From : www Ea Te 
—_ 


Downloaded From : www.EasyEngineering.net 


408 ([Art. 9.4] | Power Electronics 


9.4.1. Two-stage Sequence Control of Voltage Controllers 

A two-stage sequence control of ac yoltage regulators employs two stages in parallel as 
shown in Fig, 9.11 (a). The turns ratio from primary to each secondary is taken as unity for 
convenience. This means that for source voltage vu, = V,, sin @t, Vv; =V,= V,, sin wt and sum of: 
two secondary voltages is 2V,, sin a. 





fe) 
Fig. 9.11 (a) Two-stage sequence controlled ac voltage controller (6) A load (c) RL load. 

The load may be & or RL. For both types of loads, for obtaining output voltage control 
from zero to rms value V, use only thyristor pair T3, T4 in Fig, 9.11. For zero output voltage, 
ais 180° for T3, T4 and for V, mis zero. For output voltage control from V to 2V, o for thyristor 
pair T3, T4 is always zero and for thyristor pair T1, T2 ; o is varied from zero to 180°. 

The main advantage of two-stage sequence control of ac voltage controller over single-phase 
full-wave ac voltage controller is the reduction o: harmonics m the load and line currents. 

(a) Resistance load. For resistance load, the load current waveform is identical with 
output voltage waveform. When thyristor pair T3, T4 is in operation, then the output voltage 
and current waveforms are as shown in Fig. 9.5 (b). When both pairs T1, T2 and T3, T4 are 
in operation, then firing angle for T3, T4 is always zero whereas firing angle o for pair T1, 
T2 is varied from 180° to zero for obtaining output voltage from V to 2V. 
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The output voltage, when thyristor T3 is triggered at mt =0, follows vy = V,,, sin wt curve. 
When SCR T1 is triggered at wt =a, voltage v, reverse biases T3, it is therefore turned off. 
After this, T1 begins conduction and the output voltage jumps from v. to (v, + v2) and follows 
2Vi,_ sin @ curve. At. ot=n, output voltage and current are zero. At this instant, T4 is 
triggered and output voltage follows V,_ sin mf curve. At of =n+o, when forward biased SCR 
T2 is triggered, T4 is reverse biased by V,,, sin o, it is therefore turned off. When T2 begins 
conduction, output voltage follows 2 V,, sin wt curve as shown by the negative half cycle in 
Fig. 9.11 (6), In this figure, output current waveform [, is shown identical with output voltage 
waveform vp. 

KL load, When pair T3, T4 alone is in operation, then the waveforms of output voltage 
and current are as shown in Fig. 9.6 (6) for a> and in Fig. 9.6 (c) for a= 6. 

For obtaining output voltage from V to 2 V, firing angle for T3, T41s always zero whereas 
firing angle for Tl, T2 is varied from 180° to zero. It is assumed that during positive half 
cycle, firing pulses for T1, T3 last from @t=0 to at =n and during negative half cycle, firing 
pulses for T2, T4 extend from jt =n to 2n. 

During positive half cycle, T3 is conducting and a voltage v,=\2 V sin of is applied to 
the load. At @t=«a, when T1 is triggered, T3 is turned off by reverse voltage v, and output 
voltage jumps to vu, +v,=2 V,, sin ow as shown. At mf=7n, (v;+v,) reaches zero but output 
current Z, 1s not zero because of the presence of ZL in the load. Thus, T1 continues conducting 
until @¢=B, where i, decays to zero and T1, already reverse biased by (v, + v.) is turned-off. 
Thyristor T4, already gated at wt=n, 
starts conducting lowering the voltage to 
Vy as Shown. At at = n+ a, T2 is triggered, 
v, turns off T4 and output voltage in the 
negative half cycle jumps to (vj +v.) as 
shown. At af=2n, (v; +.) Teaches zero 
but fj is not zero because of L. At 
t=—nm+6,i, reaches zero, T2, already 
reverse biased by (v;+v ), 1s turned off 
and T3 already gated at mt = 2n'is turned 
on lowering the voltage to vg at 
at=n+6. At ot=2n+o, already gated 
T1 turns on and T3 turns off and output 
voltage jumps from v, to(v,;+v,) in the 
positive half cycle. The output voltage 
and output current waveforms are shown 
in Fig. 9.11 (ce). 

9.4,2. Multistage Sequence Control 

of Voltage Controllers 

Multistage sequence control of ac volt- 
age controllers is employed when it is 
desired to have harmonic content lower 
than that in a two-stage sequence control, 
Fig. 9.12 shows the power circuit for n- 


stage sequence control of voltage control- Fig. 9.12. Multistage sequence contral of 
lers. In this figure, the transformer has n ac voltage controllers. 
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410 [Art. 9,4] Power Electronics 
secondary windings. Each secondary is rated for v,/n where v, is the source voltage. Voltage of 
terminala with respect to 0isv, Voltage of terminal b is (n — 1) v,/n andso on. If voltage tontrol 
from Uy = (1 — 3) v,/N to V,.=(n — 2) v,/n is required, then thyristor pair 4 is fired ata = 0° and 
the firing angle of thyristor pair 3 is controlled from o = 0° to 180° whereas all other thyristor 
pairs are kept off, Similarly, for controlling the voltage from v;,,=(n — 1) v,/n to v,,, =v,, thyris- 
tor pair 2\is triggered at‘o= 0° whereas for pair 1, o is varied from 0° to 180° by keeping the 
remaining (nm — 2) SCR pairs off. Thus, the load voltage can be controlled from v,/n to v, by an 
appropriate control of triggering the adjacent thyristor pairs. 

The presence of harmonics in the output voltage depends upon the magnitude of voltage 
variation. If this voltage variation is a small fraction of the total output voltage, the harmonic 
content in the output voltage is small. For example, for voltage control from (n—2) 
u,/n ta(n — 1) v,/n, if voltage variation v,/n <(n—1)v,/n, then the harmonic content in the 
output voltage would be small. 

4.4.3. Single-phase Sinusoidal Voltage Controller 

For obtaining continuous voltage control over a wide range with low harmonic content 
and improved pf, a multistage 
sequence voltage controller must 
have quite a large number of stages. 
This is, however, an expensive 
proposition. An alternative to this, 
with less number of stages and 
called single-phase sinusoidal 
voltage controller is usually 
employed ; this is shown in Fig, 
9.13. 

This voltage controller has one 
primary winding and (n + 1) secon- 
dary windings, i.e. single-phase 
sinusoidal voltage controller 
employs (mn + 1) stages: 0, 1, 2, 3...n. 
The top secondary winding, num- 
bered A, is called vernier winding, Its 
rating is v volts. The voltage ratings 
of the remaining m windings are in 
zeometric progression with a ratio of 
2. Thus, ifv is the voltage rating of 
secondary numbered 1, then voltage 
rating of secondary numbered 2 is 2 
u, that of numbered 3 is 
4y (= 2°-!- uv), that ofoumbered 4 is 
8v (2’~'. v) and that of numbered n 
is 2"~"- y yolts. The power circuit of 
Fig, 9.13 uses two sets of thyristors 
for n windings. These are TC1, 
T(22,...., called control thyristors and 
TB1, TB2..... called by-pass thyris- 
tors. Vermer winding has two pairs 
of thyristors marked TCA and TBA, 
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Thyristors pertaining ton stages, t.e. TC1, TC2,.,., TCn and TB1, TB2.,.., TBn are either on or off 
throughout a cycle, This means that control and by-pass thyristors are made tu act as switches 
which remain either on or off during a cycle. When control SCR pair for any stage is on and its 
by-pass thyristor pair is off, then voltage of that stage would appear across the load and a load 
current would flow accordingly. On the other hand, if control SCR pair is off and by-pass pair is 
on for any stage, then this particular stage would be by-passed and will not contribute any volt- 
age across the load. Thus, with an appropriate series combination of secondaries from 1 to n 
(without yernier winding), the load voltage can be varied from v to (2" — 1) v in discrete steps of 
U, This special feature of choosing any series combination of secondary windings is, however. not 
available in the multistage sequence control of thyristors in Fig. 9,12. . 

As stated above, an additional stage A, is employed as a vernier to permit continuous 

control of voltage from zero to v. It is a phase-controlled secondary winding. This winding 
contributes harmonics to line and load currents. The harmonic content would, however, be 
much lower because contribution of voltage by vernier winding to the load voltage is only a 
small fraction of the total load voltage. 
The operation of the power circuit of Fig. 9.13 can now be explained for a resistance load. 
Let it be required to vary the load voltage from 10 v to 11 v. For obtaining this voltage range, 
Stages 2 and 4 together with vernier winding are required. For stages 2 and 4, by-pass SCRs 
are kept off but their control SORs are kept on all the time, For the remaining stages from 
1 to n, all by-pass SCRs are kept on while their control SCRs are kept off all the time. With 
this, the circuit of Fig, 9.13 reduces-to that shown in Fig. 9.14 (a) 





@) | (6) 

Fig. 9.14, Operation of voltage controller of Fig. 9:13. 

During the positive half cycle, thyristor TS is turned on at @t=0° and asa result, a voltage 
10 U 1s applied to the load, At @t=c, T1 is turned on and this turns off TS, the voltage now 
jumps from 10v to 1lv, i.e. from 10 Vi, Sin a to 11V,, sino, Fig. 9.14 (6). After ot = a, output 
voltage follows 11 V,, sin wt curve. At the end of positive half cycle, T4 is turned on at 
a=, the load voltage is now 10v. At of =n+ a, T2 is turned on and with this T4 is turned 
off and load voltage jumps from 10 v (10 Vin Sin a) to 11v (11 V,, sin @) in the negative half 
cycle. In this manner, load voltage can be continuously controlled from zero to 2"v by a 
suitable choice of output voltage range. 
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PROBLEMS 


9.1. (a) What is an ac voltage controller ? List some of its industrial applications. Enumerate its 
merits and demerits. 

(6) Describe the two types of ac voltage controllers. Which one of these is preferred and why ? 

(c) Draw the possible configurations of a single-phase voltage controller and compare them. 
__ A single-phase voltage controller using two SCRs in antiparallel must have its trigger sources 
isolated from each other. Why ? Explain with a suitable diagram. 

9.2. (@) Describe the principle of burst firing control for a single-phase ac voltage controller. 





_(6) A single-phase ac voltage controller uses burst firing control for heating a load of R =5 © with 
an input voltage of 230 V, 50 Hz. For a load power of 5 kW, determine (2) the duty cycle (iz) input power 
factor (ft) average and rms thyristor currents. Derive the expressions used. 

[Ans. (5) 0.4726, 0.6875 lag, 9,785.4, 22.3575 Al 


9.3. (a) For a single-phase voltage controller feeding a resistive load, draw the waveforms of source 
voltage, gating signals, output voltage, source and output currents and voltage across one SCR. Describe 
its working with reference to the waveforms drawn. 

(6) Analyse the output voltage waveform into various harmonics with Fourier series and find 
expressions for the amplitude of nth harmonic V,,,, and its phase ,. 

9.4. (a ) For single-phase voltage controller, connected to a resistive load, analyse the output voltage 
waveform into various harmonies using Fourier series and find expressions for the amplitude of 
fundamental voltage component V},, and its phase 9). 

(6) A 230-Y, 1 kW electric heater is fed through a triac from 230 V, 50 Hz source, Find the load 
power for a firing angle delay of 70°. Derive the expression used for the voltage, 

[Ans. (b) 713.414 watts] 
9.5, (a) For a single-phase ac voltage controller feeding a resistive load, show that power factor is 
piven by the expression : 


Lf? 
oes ie 2a 


(6) Asingle-phase half-wave ac voltage controller, using one SCR in antiparallel with a diode, feeds 
1 KW, 230 V heater. Find the load power for a firing-angle delay of (i) 0° (i) 180° (iii) 70°, 
[Ans. (5) 1000 W, 500 W, 856.707 W] 


9.6. (a) Compare the merits of controlling the heater power by a triac using integral cycle control 
over the phase-angle control. 

(6) A heater load is controlled through a triac from a single-phase source. Determine the firing 
angle delay when the power is at (z) 50%, (17) 70% of its maximum power. Derive the expression used. 

(¢) A heater load is controlled by means of single- lo 
phase ac voltage controller. Determine the firing angle ; 
delay, when the controlled power is at (i) 50%, (i) 70% 
of its maximum power. Derive the expression used. 

[Ans. (b) 90°, 71.5° (c) 180°, 99°) J 

9.7. (2) Define the term ‘power factor’. Derive its ( 
expression for a single-phase voltage controller feeding 
a resistive load circuit and show'that 







— 


Power factor = [per unit power ]/”* 


&Dé | 
(6) For the cireuit shown in Fig. 9.15, do the follow- 506 J 


ing : Fig. 9.15. Pertaining to Prob. 9.7 (6). 
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(i) Sketch the waveforms for two cycles of supply voltage, supply current, load voltage and load 
current for a firing angle of about 45° for the two thyristors. 
(i?) For 230 V, 50 Hz as the supply voltage, find the power consumed by load in case 
a= 60° and FR =10, Derive the expression used for power. 
(iii) In case diode D1 gets open circuited, draw the load current waveform and calculate the power 
delivered to load. [Ans. (6) (it) 4255.8 W (ii) 2127.9 W] 
9.8. A single-phase voltage controller with resistance load has the following data - 
Supply mains : 230 V, 50 Hz, R=4Q. Calculate : 
| (a) the firing angle a at which the greatest forward or reverse voltage is applied to either of the 
thyristors and the magnitude of these voltages ; 
(b) the greatest forward or reverse voltage that appears across either of the thyristors for firing 
angles of 60° and 120° ; 
(c) the rms value of fifth harmonic current and its phase for o = 1/4. 
_% 
2 
9,9, (¢) A single-phase voltage controller, with two thyristors arranged in antiparallel, 1s connected 
to RL load. Discuss its working when firing angle is more than the load pf angle. Illustrate your answer 
with waveforms of source voltage, gate singals, load and source currents, output voltage and voltage 
across both the thyristors. 


[Ans. (@) o=—orat a>s, 395.27V (b) 281.691 V, 325.27 V (c) 27.284 V, - 63.435") 


Hence derive an expression for the output current in terms of source voltage, load impedance, firing 
angle etc. 

(b) A single-phase voltage controller has the following data : 

Source voltage = 230 V at 50 Hz, Load = 0+j4. Calculate : 

(i) the control range of firing angle, 
(ii) the maximum value of rms load current, 
(ui) the maximum value of average and rms thyristor currents, 
(iv) the maximum value of di/dt that may occur in the thyristors, 
(v) the value of conduction angle for a = 90° assuming gate pulse width of m radians. 
[Ans. (6) 90°<a@<180°; 57.5 A; 25.88 A, 40.66 A; 2.5546 x 107 A/sec ; 180°] 

9.10. (a) For a single-phase voltage controller, develop a relation between conduction angle y and 
firing angle « and plot their variation as a function of load phase angle 4. Under what conditions 
conduction angle y becomes equal to 7? 

(6) Discuss the operation of a single-phase voltage controller with RL load when firing angle & is 
lees than, or equal to, load phase angle ¢. Hence show that for o less than o, output voltage of the ac 
yoltage controller cannot be regulated. 

(c) For a single-phase Voltage controller, discuss how pulse gating is suitable for F load and not for 
RL load. Hence show that high-frequency carrier gating is essential for AL loads. 

9.11. (a) Describe the working of a two-stage sequence control of voltage controllers for both 
FR and RL loads. What is the advantage of this controller over single-phase full-wave voltage controller? 

(6) Distinguish between two-stage and multistage sequence control of voltage controllers. What are 
the advantages of multistage over two-stage sequence control ? Describe multistage sequence control 
of voltage controllers. 

9.12, Describe a single-phase sinusoidal voltage controller with vernier winding. What are the 
functions of controlled and by-pass thyristora ? Discuss how output voltage waveform from 7 v to 8 wv 
can be obtained from this voltage controller. 
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Cycloconverters 


A device which converts input power at one frequency to output power at a different 
frequency with one-stage conversion is called a cycloconverter. A cycloconverter is thus a 
one-stage frequency changer. Basically, cycloconverters are of two types, namely : 

(i) step-down cycloconverters and 
(z2) step-up cycloconverters. 

In step-down cycloconverters, the output frequency /, is lower than the supply frequency 

f,, .€. fo <f,. In step-up cycloconverters, fp > f,. 


The operating principles of step-down cycloconverters were developed as far back as 1930. 
At that time, mercury-arc rectifier was used as a cycloconverter for converting three-phase 
2 
3 
single-phase series motor, when operated at a lower frequency, gives better operating 
characteristics. In the United States, a cycloconverter comprising 18 thyratrons was employed 
to drive a 400-HP synchronous motor for several years in Logan power station [6]. The 
cycloconverter systems at that time did not find widespread use only because early systems 
were not technically attractive and economically viable. 


50 Hz supply to single-phase 16> Hz supply for use in ac traction system in Germany. A 


With the advent of high-power thyristors, cycloconverters are again becoming popular. At 
present, the applications of cycloconverters include the following : 
(t) Speed control of high-power ac drives 
(tt) Induction heating 
(iz) Statice VAR generation 
(zu) For converting variable-speed alternator voltage to constant frequency output volt- 
age for use as power supply in aircraft or shipboards. 

The general use of cycloconverter is to provide either a variable frequency power from a 
fixed input frequency power (as in ac motor speed control) or a fixed frequency power from 
a variable input frequency power (as in aircraft or shipboard power supplies). 

The object of this chapter is to present both single-phase and three-phase cycloconverters 
at an introductory level. 


10.1. PRINCIPLE OF CYCLOCONVERTER OPERATION 
_ In this section, basic principle of operation of step-up as well as step-down cycloconverter — 
is presented. Single-phase to single-phase cycloconverter, though seldom used in practice, is 


-_ 
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considered here for describing the principle of operation of both the types of cycloconverters. 
A single-phase to single-phase device of the mid-point type is shown in Fig. 10.1 (@) and of 
the bridge type in Fig. 10.1 (6). With the help of this figure, the basic principles of both types 
of cycloconverters are described here 

10.1.1. Single-phase to Single-phase Circuit-Step-up Cycloconverter 

For understanding the operating principle of step-up device, the load is assumed to be, 
resistive for simplicity. It should be noted that a step-up cycloconverter requires forced 
commutation. The basic principle of step-up device is described here first for mid-point and 
then for bridge-type cycloconverters. 





“N2 


@) (5) 
Fig. He Single-phase to single-phase cycloconverter circuit 
(a) mid-point type and (b) bridge type. 

10.1.1.1. Mid-point cycloconverter. It consists of a single-phase transformer with mid- 
tap on the secondary winding and four thyristors. Two of these thyristors P1, P2 are for 
positive group and the other two N1, N2 are for the negative group. Load is connected between 
secondary winding mid-point 0-and terminal A as shown in Fig. 10.1 (a). Positive directions 
for output voltage vy and output current tg are marked in Fig. 10,1. 
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Fig. 10.2. Waveforms for step-up cycloconverter. 

In Fig. 10.1, during the positive half cycle of supply voltage of Fig. 10.2, terminal a is 
positive with respect to terminal b. Therefore, in this positive half cycle, both SCRs P1 and 
N2 are forward biased from wt =0 to wt =x. As such SCR P1 is turned on at wt =0° so that 
load voltage is positive with terminal A positive and 0 negative. The load voltage now follows 
the positive envelope of the supply voltage, Fig. 10.2. At instant wt,, Pl is ferce commutated 
and forward-biased thyristor N2 is turned on so that load voltage is negative with terminal 
0 positive and A- negative. The load, or output, voltage now traces the negative envelope of 
the supply voltage, Fig. 10.2. At Guty, N2 is force commutated and P1 is turned on, the load 
voltage is now positive and follows the positive envelope of seeds rete, ie Engineering nc 
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wi =, terminal b is positive with respect to terminal a ; both SCRs P2 and N1 are therefore 
forward biased from ot =n to 2m. At wt=n, N2 is force commutated and forward biased SCR 
P2 is turned on. At wf => ~ 5 _ P2 is force commutated and forward biased SCR N1is turned 
fa = “fo cet | 
on. In this manner, thyristors P1, N2 for first half cycle /P2, N1in the second half cycle and 
so on are switched alternately between positive and negative envelopes at a high frequency. 
As a result, output voltage of frequency fy, higher than the supply frequency f,. 18 obtained. 
In Fig. 10.2, f, is the supply frequency and fy is the output frequency. Also fy=6/f, 1 Fig. 
10.2. 


10.1,1.2, Bridge-type cycloconverter. It consists ofa total of eight thyristors, P1 ta Pa 
i.e, four for positive group and the remaining four for the negative group. When a is positive 
with respect to x in Fig. 10,1 (5), i.e, during the positive half cycle of supply voltage of Fig. 
10.2, thyristor pairs P1, P2 and N1, N@ are forward biased from at =0 to at =". When 
forward biased thyristors P1, P2 are turned on together at mt = 0", the load voltage is positive 
with respect to x in Fig. 10.1 (b), forward-biased thyristors P1, P2 are turned on together at 
‘at = 0° go that load voltage is positive with terminal A positive with respect to 0. Load voltage 
now traverses the positive envelope of supply voltage, Fig, 10.2, At mt,, pair Pl, P2 is force 
commutated and forward biased pair N1, N2 is turned on. With this, load voltage is negative 
with terminal 0 positive with respect to A. Load voltage now follows the negative envelope 
of source voltage, Fig. 10.2. At @t, ; N1, N2 are force commutated and P1, P2 are turned on. 
The load voltage is now positive and follows the positive anvelope of source voltage. After 
ot =n, thyristor pairs P3, P4 and N3, N4 are forward biased, these can therefore be turned 
on and force commutated from wt = to ot =2n. In this manner, a high-frequency turning-on 
and force commutation of pairs P1, P2, N1 N2 and pairs P3 P4, N3 Na gives a carrier-fre- 
quency modulated output voltage across load terminals. 

In Fig, 10.2 conduction of thyristors P1, P2 and N1, N2 for mid-point cycloconverter of 
Fig. 10.1 (a) is only shown. It is fairly easy to indicate the conduction of thyristors P1 to P4 
and N1 to N4 in Fig. 10.2. } 

10,1.2. Single-phase to Single-phase Circuit-Step-down Cycloconverter 

A step-down cycloconverter does not require forced commutation, It requires 
phase-controlled converters connected as shown in Fig. 10.1. These converters need only line, 
or natural, commutation which is provided by ac supply. Both mid-point and bridge-type 
cytloconverters are described in what follows : 

10.1,2.1. Mid-point cycloconverter. This type of cycloconverter will be described both 
for discontinuous as well as continuous load current. The load is now assumed to consist of 
Rand L in series. 

(a) Discontinuous load current. When a is positive with respect to 0 in Fig. 10.1 (a), 
forward biased SCR P1 is triggered at mf =a. With this, load current i, starts building up in 
the positive direction from A to 0. Load current. 1) becomes zero at (f= > but less than 
(t+), Fig. 10.3 (c). Thyristor Pl is thus naturally commutated at @= which ts already 
reverse biased after nm, After half a cycle, b is positive with respect to 0. Now forward biased 
thyristor P2 is triggered at of =n +. Load current 1s again positive from. to 0 and builds 
up from zero as. shown in Fig. 10.3 (c). At at=n+ 8, iy decays to zero and P2 is naturally 
commutated, At 2x+a, Pl is again turned on. Load current in Fig. 10,3 (ec) is seen to be 
discontinuous. After four positive half cycles of load voltage and load current, thyristor Nz 
(after P2, N2 should be fired) is gated at (4x + a) when 0 is positive with respect to 6. As Nz 
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Fig. 10.3. Voltage and current waveforms for 
step-down cycloconverter with discontinuous load current. 

is forward biased, it starts conducting but load current direction is reversed, ie. it is now 
from 0 to A. After N2 is triggered, load current builds up in the negative direction as shown 
in Fig.’ 10.3 (ec). In the next half-cycle, 0 is positive with respect to a but before N1 is fired, 
fy decays to zero and N2 is naturally commutated. Now when N11 is gated at (52+ G), fp again 
builds up but it decays to zero before thyristor N2 in sequence is again gated. In this manner, 
four negative half cycles of load voltage and load current, equal to the number of four positive 
half cycles, are generated. Now P1 is again triggered to fabricate further four positive half 
cycles of load voltage and so on. For discontinuous load current, natural commutation is 
achieved, t.e. Pl goes to blocking state before P2 is gated and so on. 


In Fig, 10.3, mean output voltage and current waves are also shown, It is seen from this 
figure that frequency of output voltage and current is fo= : fh. 


_ _{b) Continuous load current, When a is positive with respect to 0 in Fig. 10.1 (a), Pl 
is triggered at mt=a, positive output voltage appears across load and load current starts 
building up, Fig. 10.4 (c). At @f=7, supply and load voltages are zero. After wt = t, Fl is 
reverse biased. As load current is continuous, P1 is not turned off at at =n. When P2 is 
triggered in sequence at m+ 0, a reverse voltage appears across P1, it is therefore turned off 
by natural commutation. When P1 is commutated load current has built up to a value equal 
to RA, Fig. 10.4 (c). With the turning on of P2 at (m+), output voltage is again positive as 
if was with Pl on. As a consequence, load current builds up further than RR as shown in Fig. 
10,4 (c), At (21 + a), when P1 is again turned on, P2 is naturally commutated and load current 
through P1 builds up beyond RS as shown. At the end of four positive half eycles of output 
voltage, load current is RU. When N2 is now triggered after P2, load is subjected to a negative 
voltage cycle and load current i, decreases from positive RU to negative AB (say) as shown 
in Fig. 10.4 (c). Now N2 is commutated and N1 is gated at (5m +a). Load current 1, becomes 
more negative than AB at (6+), this is because with N1 on, load voltage is negative, Por 
four negative half cycles of output voltage, current i) is shown in Fig, 10.4 (c), Load current 
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Fig. 10.4. Voltage and current waveforms for 
step-down cycloconverter with continuous load current. 

waveform is redrawn in Fig. 10.4 (d) under steady state conditions, Itis seen from load current 
waveform that i, is symmetrical about wt axis in Fig. 10.4 (d). The positive group of voltage 
group and current wave consists of four pulses and same is true for negative group of wave. 
One positive group of pulses along with one negative group of identical pulses constitute one 
cycle for the load voltage and load current. The supply voltage has, however, gone through 
four cycles, The output frequency is, therefore, fp = ah in Fig. 10.4. 


10.1.2.2. Bridge-type cycloconverter. The operation of bridge type cycloconverter 
shown in Fig. 10.1 (b) can be easily explained for both discontinuous and continuous load 
currents. The voltage and current waveforms would again be as shown in Fig. 10,3 for 
discontinuous load current and as in Fig. 10.4 for continuous load current, The explanation 
of bridge-type cycloconverter is left as an exercise to the reader. 
10.2. THREE-PHASE HALF-WAVE CYCLOCONVERTER 

The object of this section is to consider how single-phase low-frequency output voltage is 
fabricated from the segments of 3-phase input voltage waveform. Then three-phase to 
three-phase cycloconverters are described. 

10.2.1. Three-phase to Single-phase Cycloconverters 

For converting three-phase supply at one frequency to single-phase supply at a lower. 
frequency, the basic principle is to vary progressively the firing angle of the three thyristors 
of a 3-phase half-wave circuit. In Fig. 10.5, firing angle at Ato 90°, at B firing angle is 
somewhat less than 90°, at C the firing angle is still further reduced than it is at B and so 
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on, In this manner, a small delay in firing angle is introduced at C, D.E, F.and G. At G, the 
firing angle is zero and the mean output voltage, given by V,=V,, cos &, is maximum at G. 
At A, the mean output voltage is zero as @= 90°. After point G, a small delay in firing angle 
is further introduced progressively at points H, J, J, K,L and M. At M, the firing angle is 


Fabricated output | 
90" vallage a=0° ‘Mean output voltage 


ARO 
VV VY VY | 


Fig. 10.5, Fabricated and mean output voltage waveforms for a single-phase cycloconverter. 
again 90° and the value of mean output voltage is zero. The gating circuitry is suitably 
designed to introduce progressive firing angle delay as discussed here. In Fig. 10.5, the 
single-phase output. voltage, fabricated from 3-phase input voltage, is shown by thick curve. 
Mean output voltage wave is obtained by joining points pertaining to average voltage values. 
For example, at A, «=90°, Vy=0; at G.o=0°, therefore V) has maximum mean output 
voltage and so on. It is seen from Fig. 10,5 that fabricated output voltage given by thick curve 
can be resolved into fundamental frequency output voltage plus several other harmonic 
components. The load inductance can, however, filter out the high-frequency unwanted 
harmonics. Fig, 10.5 reveals that for one half-cycle of fundamental frequency output voltage 
(marked mean output voltage in this figure), there are eight half cycles of supply frequency 
voltage. This shows that output frequency f,= af, where /, is the supply frequency. 


It is obvious from Fig. 10.5 that for obtaining positive half cycle of low-frequency output 
voltage, firing angle is varied from 90° to zero degree and then to 90°. For obtaining one cycle 
(consisting of one positive half cycle and one negative half cycle) of low frequency output 
voltage, the firing angle should be varied from 90° to zero degree to 90° for positive half cycle 
and from 90° to 180° and back to 90° for negat've half cycle. This is illustrated in Fig. 10.6. 


lt is thus seen from above that a complete cycle of low-frequency output voltage can be 
fabricated from the segments of 3-phase input voltage waveform by the use of phase-controlled 
converters. The cycloconverter can be made to deliver any pf load. In Fig, 10.6, the device is 
shown to deliver a lagging pf load. In a thyristor converter circuit, current can only flow in 
one direction. For allowing the flow of current in both the directions during one complete 
cycle of load current, two three-phase half-wave converters must be connected in antiparallel 
as shown in Fig. 10.7. The converter circuit that permits the flow of current during positive 
half cycle of low-frequency output current is called positive converter growp, The other group 
permitting the flow of current during the negative half cycle of output current is called 
negative converter group, For a three-phase to single phase cycloconyerter, schematic diagram 
is shown in Fig, 10.7 (a) and basic circuit configuration in Fig. 10.7 (b), This figure uses two 
3-phase half wave converters in anti-parallel, the positive group for the conduction of positive 
load current and the negative group for the flow of negative load current. 
4 Examination of Fig. 10,6 reveals that when output current is positive (above the reference 
line wt), positive converter conducts, Under this condition, positive converter acts as a rectifier 
when output voltage is positive and as an inverter when output voltage is negative. When 
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Fig. 10.6. Voltage and current waveforms for a 3-phase half-wave cycloconverter. | 
output current is negative, the negative converter conducts ; under this condition, negative — 
converter acts as a rectifier when output voltage is negative and as an inverter when output — 
voltage is positive. It can thus be inferred, in general, that one of two component converters | 
in Fig. 10.7 would operate as rectifier if the output voltage and current have the same polarity | 
and as an inverter if these are of opposite polarity. 

Fig. 10.7 is almost similar to Fig. 6.39 for a dual converter where two phase-controlled 
converters are connected in antiparallel. As in a dual converter ; in Fig. 10.7 also, both the 
component converters belonging to one phase can be phase- controilad simultanedtisly to 





ch 1* : 

Fig. 10.7. Thres-phase to single-phase cycloconverter (c) s disitae diagram and | 

(6) basic cireuit configuration with JG reactor. 

fabricate the output voltage. Though the output voltages of the two converters in the same r 
phase have the same average value, their output voltage waveforms as a function of time 
are, however, different and as a result, there will be a net potential difference across the two 

converters of Fig. 10.7 (a). This net voltage would cause a circulating current in the two | 
converters, this is similar to a dual converter. This circulating current can be avoided by / 
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removing the gating signals from idle converter or can be limited to a low value by inserting 
an intergroup reactor (IGR) between the positive and negative group converters as shown in 
Fig. 10.7 (6). In order that the average value of the two converters are equal in magnitude 
and opposite in sign, the sum of their firing angles must be 180°. In other words, if 
Ch, and @, are the firing angles for positive and negative group converters respectively, then 
these firing angles should be so controlled as to satisfy the relation o., + o,, = 180°. 
10.2.2. Three-phase to Three-phase Cycloconverters 


When 3-phase low-frequency output is required, then three sets of phase-controlled 
3-phase to single-phase circuits are inter connected as shown in Fig. 10.8 (a). Each phase of 
the 3-phase output must have a phase displacement of 120°. Fig. 10.8 (6) shows the circuit 
arrangement of 3-phase to 3-phase cycloconverter using three sets of three-phase half-wave 
circuits employing a total of 18 thyristors. The device of Fig. 10.8 is also called three-pulse 
3-phase to 3-phase cycloconverter. 





- 3-phase — 
load 
(5) | 
Fig. 10.8. 3-phase to 3-phase cycloconverter employing 3-phase half-wave circuits 
(a) schematic diagram and (6) basic circuit arrangement. 
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Three-phase bridge circuit. Out of the several configurations of 3-phase to 3-phase 
cycloconverters ; here only one important scheme, used for large industrial drives, 1s 
presented, This scheme, shown in Fig. 10.9, employs thirty-six thyristors and is called 6-pulse, 
3-phase to 3-phase cycloconverter. In this circuit, each phase group consists of a 3-phase 
dual-converter with two IGRs. The load phases, shown in star in Fig. 10.9, must not be 





load >. 
Fig. 10.9. Six-pulse, 3-phase to 3-phase cycloconverter using 36 thyristors 
and with isolated load phases. 


Fig. 19.10. Three-phase bridge cycloconverter using 36-thyristors 
and with non-isolated load phases. 
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interconnected. If it is done, then positive group of one output phase and negative group of 
other output phase would be joined together through IGRs without load impedance which is 
undesirable, In case it is essential to interconnect the load phases in star or delta, then each 
phase group is supplied separately from three secondary windings S1, 52 and S83 of a 
three-phase transformer as shown in Fig. 10.10, In this arrangement, as individual phase 
groups are isolated from each other on the input side, the interconnection of load phases in 
star or delta is permissible. 

The magnitude of output voltage in a 3-phase bridge circuit of Fig. 10.9 is double of that 
in the 18-thyristor circuit of Fig. 10.8 (b). In case voltage and current ratings of all the SCRs 
in Figs. 10.8 (b) and 10.9 are identical, then total VA rating of bridge circuit would be double 
of that of the 18-thyristor circuit. Three-phase bridge circuit gives a smooth variation of 
output voltage, but its control circuit is complex and expensive. 

10.38. OUTPUT VOLTAGE EQUATION FOR A CYCLOCONVERTER 


In this section, emf expressions for the line-commutated phase-controlled cycloconverters 
are discussed. 


A eycloconverter is essentially a dual converter but so operated as to produce an 
alternating output voltage. Each SCR in a cycloconverter works as a phase-controlled 
converter with a varying firing angle. 


In a 3-phase half-wave converter, each phase conducts for = radians of a cycle of 2n 


radians. In general. for an m-phase half-wave converter, each phase conducts for ae radians 
in one cycle of 2n radians, this is shown in Fig. 10.11. With time origin AA’ taken at the peak 
value of supply voltage, the instantaneous phase voltage is 

v=V,, cos wt =V2 V,, cos at 
where V,, = rms value of per—phase supply voltage. 





4 me Tm wt 
| 22 _, 


Fig. 10.11, Output voltage waveform for m-phase 
half-wave converter with firing angle a. 


It is seen from Fig. 10.11 that conduction takes place from — - to = for «= 0°. For any 
firing angle a, the conduction is from |— - + a) to ar ao. | Thus average value of output de 
voltage V,, equal to the average height of shaded area in Fig, 10.11, is 
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, ie | sin & 0.1) 
ry fe TF oh oe Od ee eae io rs . (101 
Vix On : ea)” cos wt -d(at)=V,, IG sin * cos oF ( 
if 
For zero firing angle delay, the average value of direct voltage V,, is given as 
| m\s. Typ (mi). 
Vaio = Vin ae sin == V2 Vpn rn | 
In an actual cycloconverter, the firing angle is gradually varied. For any firing angle, the 


output phase voltage at any point of the low-frequency voltage wave is equal to V,, cos @ on 
the assumption of continuous conduction. Note that the relation V,,, cos 0 neglects the voltage 
fluctuations superimposed on the average low-frequency waveform. 

If V,, is the fundamental rms value of per phase output voltage of cycloconverter, the 
peak output voltage for zero firing angle is 


: i 
V2 V,,=Vzp=V2 Vea ca Ba 
or Vor= Von (=| sin e | (10.2) 


In practice, the firing angle a, of positive group cannot be reduced to zero, for this firing 
angle corresponds to o,, = 180-— a, = 180° for negative group. Actually, inverter firing angle 
can never be equal to 180° because of commutation overlap and thyristor turn off time. As a 
result, firing angle for positive group can never be zero but must have some finite value, Let 
this minimum value of firing angle for positive group be o,,, that is possible in a practical 
cycloconverter. For this firing angle, maximum output voltage per phase is 

Vy. me = Vao C08 Op, =T* Vito (10,3) 
where r= cos G,,, and is called the voltage reduction factor. 





Thus the expression for the fundamental rms phase value of the output voltage of a 
cycloconverter is given by 


‘m\.. (« | 
ve="|Vas sin | (10,4) 
As ,,, is always greater than zero, the voltage reduction factor, r, is always less than 


unity. 

Eq. (10.4) gives the rms value of the per phase output voltage for a 3-phase to 3-phase 
or 3-phase to single phase cycloconverter employing m-phase half-wave circuits as shown in 
Fig. 10.7 or 10.8. 

Eq. (10.4) is also applicable for 3-phase to 3-phase or 3-phase to single-phase 
cycloconverter employing 6-pulse bridge converter circuit of Fig. 10.9 or 10.10, but then m is 
equal to the number of pulses and V,, in Eq. (10.4) must be replaced by line to line voltage. 

Example 10.1. A 3-phase to single-phase cycloconverter employs 3-pulse positive and 
negative group converters. Each converter is supplied from delta/star transformer with per 
phase turns ratio of 2 : 1. The supply voltage is 400-V, 50 Hz. The RL load has R=2 Qand 
at low output frequency, Ml = 1.5 ©. In order to account for commutation overlap and thyristor 
turn-off time, the firing angle in the inversion mode should not exceed 160°. Compute 

(a) the value of the fundamental rms output voltage , 

(b) rms output current and 

(c) output power. 
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Solution. (a) Per phase input voltage to transformer = 400 V. 
Per phase input voltage to converter, 
400 

Von Sas : 200 V 
Voltage reduction factor, r= cos (180 — 160) = cos 20° 
For 3-phase pulse device, m =3. From Eq. (10.4), the rms value of fundamental voltage 

is 
V,-= cos 20] 200 * sin 5 {> 155.424 V 


= Beant 2 5 

a7 + 1.5" 20 
I= 62.17 |- 36.87° Amps. 

(c) Output power = J*_ -R=(62.17)* x 2 = 7730.22 W. 

Example 10.2. Repeat Example 10.1 in case 3-phase to 1-phase cycloconverter employs 
6-pulse bridge converter. 

Solution. (a) Per phase input voltage to converter = 200 V 

Line voltage input to bridge converter = 200 13V 

Voltage reduction factor, r= cos 20° , 

For 6-pulse device, m=6. From Eq. (10.4), the rms value of output voltage is 


V,-= cos 20 200 oe Js al 310,84 V 


(6) Rms output current 





This example demonstrates that output voltage in a 6-pulse bridge converter employing 
36 thyristors is double of that in a 3-pulse half-wave converter using 18 thyristors. 
| tt cae wate _ 3.10.84 =i Lo 
(6b) Rms output current = Veea 152 |” — tan “2. 
= 124.34 |- 36.87° Amps 
(c) Rms output power = (124,34)* x 2 = 30920.88 W. 
This example shows that output power handled by a 6-pulse bridge converter is four times 
the power handled by a 3-pulse converter. 


10.4. LOAD-COMMUTATED CYCLOCONVERTER 

A step-up cycloconverter discussed previously requires forced-commutation. An additional 
circuitry for force-commutating the thyristors in a cycloconverter is, therefore, essential. The 
process of force commutation, however, does not depend upon the source or load voltage. 

In the step-down cycloconverter discussed in the previous sections, the phase-controlled 
eycloconverter rely on natural commutation for their operation. The natural, or line, 
commutation is provided by the supply voltage. In these cycloconverters, the output frequency 
fy is less than the input supply frequency f. 

A load-commutated cycloconverter differs from the force-commutated and 
line-commutated cycloconverters discussed so far. In load-commutated circuit, the thyristors 
are commutated by the reversal of the load voltage. This implies that the load circuit must 
have a generated emf that should be independent of the source voltage. The most usual 
example for such a load is wound-field or permanent-magnet synchronous machine. For such 
loads, the load frequency may be equal to, or greater than, the source frequency and for both 
these cases, thyristors will be naturally commutated by the reversal of the load circuit emf, 
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10.1 (2) What is a cycloconverter ? Enumerate some of its industrial applications. 
(6) Describe the operating principle of single-phase to single-phase step-up cycloconverter with tf 
help of mid-point and bridge type configurations. []lustrate your answer with appropriate circuit amd 
waveforms. The conduction of various thyristors must also be indicated on the waveforms. 
10.2. Describe the basic principle of working of single-phase to single-phase step-down cy of i 
verter for both continuous and discontinuous conductions for a bridge-type cycloconverter. Mark 
conduction of various thyristors also. 
10.3. Asingle-phase to single-phase mid-point cyclaconverter is delivering power to a resistive load 
The supply transformer has turns ratio of 1: 1: 1. The frequency ratio is f)/f,= 1/5. The firing ang 
delay for all the four SCRs are the same. Sketch the time variations of the following waveforms fo 
a= 0’ and@=An° : 
(a) Supply voltage (6) Output current and (c) Supply current. 
Indicate the conduction of various thyristors also. 
10.4, A single-phase to single-phase cycloconverter of Fig. 10.12 is used for obtaining an ow put 


frequency of ; of the input frequency. Turns ratio from primary to upper secondary is 1/1 and to lo vel 


tr : 
i 


secondary is 1/2. The thyristors are so triggered as to obtain a symmetrical output voltage waveform 
PI 





Fig. 10.12. Pertaining to Example 10.4. 
Sketch the output voltage and output current waveforms for a resistive load for firing « 
a= 0° and a= 30°. Indicate the conduction of various components. 


10.5. Describe how single-phase low-frequency output voltage can be fabricated from the segments 
of 3-phase input-voltage waveform through the use of a 3-phase half-wave circuit ? Show a complete @ 
cycle of low-frequency outputs voltage, In case load current lags the low-frequency output voltage, 
discuss the-operation of positive and negative group phase-controlled converters. 


10,6. (a) Diseuss why 3-phase to 1-phase cycloconverter requires positive and negative group 
phase-controlled converters. Under what conditions, the groups work as inverters or rectifiers 7 Ho 
should the firing angles of the two converters be controlled ? 


(6) Describe 3-phase to 3-phase cycloconverter with relevant circuit arrangements using 18 SCRs 
and 36 SCRe. 


What are the advantages of 3-phase bridge circuit cycloconverter over 18-thyristor device ? 

10.7. (a) Show that the fundamental rms value of per-phase output voltage of low-frequency for an 
m-pulse cycloconverter is given by 

m.\ .(% 

Vor =Vpa| = [sin | 


Hence express V.,. in terms of voltage reduction factor. 
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(6) What is a load commutated cycloconverter ? How does it differ from force-commutated and 
line-commutated cycloconverters ? 

10.8. A 3-phase to single-phase cycloconverter employs a 6-pulse bridge circuit. This device is fed 
from 400 V, 50 Hz supply through a delta/star transformer whose per-phase turns ratio is 3: 1. For an 
output frequency of 2 Hz, the load reactance is @)L =3 9. The load resistance is 4 0. The commutation 
overlap and thyristor turn-off time limit the firing angle in the inversion mode to 165°. Compute 

(a) peak value of rms output voltage (6) rms output current and (c) output power. 

[Ans. (@) 301.215 V (6) 42.605 /- 36.87° A (c) 7260.74 W] 

10.9. Repeat Problem 10.8 in case 3-phase to 1-phase cycloconverter employs 3-pulse positive and 
‘hegative group converters. fAns. (a) 150.602 V (6) 21.302 /— 36.87° A (c) 1815.1 W] 
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several applications of power electronics are listed in Art 1.2. Study of all these 
applications will be a voluminous task. Even then, some of these applications described in 
this chapter will be of interest to the reader. 

11.1. SWITCHED MODE POWER SUPPLY (SMPS) 

With advances in electronics, need for dc power supplies for use in integrated circuits 
(ICs) and digital circuits has increased manifold. For such electronic circuits, NASA was the 
first to develop a light-weight and compact switched mode power supply in the 1960s for use 
in its space vehicles. Subsequently, this power supply became popular and presently, annual 
production of SMPSs may be as high as 70 to 80% of the total number power supplies 
produced. 

At this juncture, a question may arise that controlled dc supply can also be obtained from 
phase-controlled rectifiers. Then why go in for SMPS ? An ac to de rectifier operates at supply 
frequency of 50 (or 60) Hz. In order to obtain almost negligible ripple in the dc output voltage, 
physical size of filter circuits required is quite large. This makes the de power supply 
inefficient, bulky and weighty. On the other hand, SMPS works like a de chopper. By operating 
the on/off switch very rapidly, ac ripple frequency rises which can be easily filtered by 
Land C filter circuits which are small in size and less weighty. It may therefore be inferred 
that it is the requirement of small physical size and weight that has led to the wide spread 
use of SMPSs. 

As stated above, SMPS is based on the chopper principle The output de voltage is 
controlled by varying the duty cycle of chopper by PWM or FM techniques. The circuit 
configurations used for SMPS can be classified into four broad categories; namely flyback, 
pushfull, half bridge and full-bridge. 

In SMPS circuits discussed here, PWM technique is used for the inverter. The output of 
the inverter is then converted to de by a diode rectifier. As the inverter is made to operate at 
very high frequency, the ripples on the de output voltage can be filtered out easily by using 
small filter components. If the switching devices are power transistors, the chopping 
frequency is limited to 40 kHz. For power MOSFETs, the chopping frequency is of the order 
of 200 kHz; as a result, size of the filter circuit and transformer decreases leading to 
considerable savings. At such high frequency, ferrite core is used in transformers. 

The four categories of SMPSs listed above are now discussed briefly. 

11.1.1. Flyback Converter 


The circuit configuration for flyback converter is shown in Fig. 11.1. It consists of a power 
MOSFET M1, transformer for isolation purposes, diode D, capacitor C and load. An 
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uncontrolled rectifier converts ac to dc output which is fed to flyback SMPS as shown in Fig. 
11.1. 

When power MOSFET is 
turned on, supply voltage V, is 
applied to the transformer 
primary, t.e. Uu,;=V,. A corres- 
ponding voltage v», with the 
polarity as shown in Fig. 
11.2(a), is induced in the 
transformer secondary, 1.e. 





Ug= = N,. As Uy reverse biases 
1 
diode D, equivalent circuit of 
Fig. 11.2(a) is obtained. Filter 
capacitance C is assumed large 
enough so that capacitor 
voltage v, (t) = load or output ur 
voltage Vp is taken as almost constant. When M1 is turned off, a voltage of opposite polarity 
is induced in primary and secondary windings as shown in Fig. 11.2(6). Voltage across 





Unca nirolled 
rectifier 


Fig. 11.1, Flyback SMPS. 


transformer secondary is v2 =— Vy) =- N, N,. Diode D is forward biased and starts conducting 


a current ip. As a result, energy stored in the transformer core is delivered partly to load and 
partly to charge the capacitor C. 





Fig, 11.2. Flyback SMPS equivalent circuit during (a) T,,, and (b) J og¢ 


Waveforms for v,, vo, transformer magnetizing current ,, and diode current ip are shown 

in Fig. 11.3. During the time M1 is on, v,=V,, Ug= a _N,. For magnetizing current, it is 
7 : ' 1 

assumed that transformer core is not demagnetized completely at the end of periodic time 

T=T,,,+ 7, ,. In other words, it means that transformer magnetizing current at t= 0 Is not 

zero but has some positive value J,,,,. Therefore, during T,,,, magnetizing current rises linearly 

from its initial value J,,, toJ,,, att =T,,,. With the rise of 1,, during T,, magnetic energy gets 
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stored in the transformer core. The variation of i,, as shown in Fig. 11.3 can be expressed as 


under : 
| V, | 
im(t) = Imo tart sue OS BST oy Lia) 
where L =transformer magnetizng inductance, H 
3 Me ha 
At c= (ieee Ey (Lon) Ly Lint = L nia t>: Din -(11.2) 


L 

When M1 is turned off, the emfs induced in 
primary and secondary windings are reversed as 1 
shown in Fig. 11.2(b), Diode D is now forward | 
biased. A current in transformer secondary winding 
begins to flow through D. As this current ip or 
magnetizing current 1,, reduces from J,,, to J, at 
t=T’, transformer core energy is delivered to load. 
During T,., M1 is off and v»=- Vp. This voltage 


Us 


V, 
-—" N,. The fall 


when referred to primary is v,= N 
ag 








of current 1,, during T aay be expressed as under: 
| Vo | 
Em (tf) = Ini - No} . = (FT ied on ee 
(11.3) 
Ati=T, 
Free Vo 1 
t,(T) = Lint rt Np N, L (T -- f 
Substituting the value of J,,, from Eq. (11.2) in oe 
the above expression, we get oe Tait td te Tot 
V V ae 
bin (L) =Imo + 7 ‘Tan N, “Ny: iB 1 (T - Li Fig. 11.3. Waveforms for 
3 flyback converter SMPS. 
(11,4) 
Since:the net energy stored in core over periodic time T is zero, 
ty (O) =i,, (T) 
or [Eq. (11.1) at t= 0] = [Eq. (11.4) att = T] 
Vere V, 1 | 
Fao Tnatt peli “Ny, Nyc Ty) 
2 
or Vet ee | 
at VT. aeV oR 4 
.. Load voltage, Vo= TT. A= (11.5) 


No» 
where a= WN. transformer turns ratio from secondary to primary 
1 


i 
and, 4=—— 7 , duty cycle of flyback converter. 
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It is seen from Fig. 11.2 (b) that open circuit voltage across M1 is 


Vor ue V, 
aan pba 


| apres re : 
Tho | ! | A116 











Eq. (11.3) gives current on primary side of the transformer. This current, when referred 
to secondary side, is equal to diode current ip. 


ae te E N; 
bn (t) =L,, (t) Ne 


N, | Vo | Lt | 
=H Ime Ny ae tT) 
_ Ami mo (ie Ona) 
| @) ae 
Flyback converter offers simple SMPS and is useful for applications below about 500 W. 
11.1.2. Push-pull Converter 
SMPS with push-pull configuration is shown in Fig. 11.4. It uses two power MOSFETs 
M1 and M2 and a transformer with mid-taps on both primary and secondary sides. As in 
flyback converter, an uncontrolled rectifier feeds push-pull SMPS., Inductor EL, and capacitor 
C are the filter components. 











of 


Uncontrolled 
rectifier 





Contral 
circult 





Fig. 11.4. Push-pull SMPS. 
When M1 is turned on, V, is applied to lower half of transformer primary, i.e. v, = V,. As 
V irks 
a result, voltage vy = x N3 is induced in both the secondary windings. Voltage v, in the upper 
half Paes 0 biases diode Dl, therefore load voltage V, is given by 
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When M2 is turned on, v, =— V, is applied to upper half of primary winding. Consequently, 

Watton a. Si “i ns 
USS ar Ny is induced in both the transformer secondaries. As vs is negative, diode D2 gets 
i 
forward biased and V, =a V, as before. 

This shows that voltage on primary swings from + V, with M1 on to — V, with M2 on. 
Power MOSFETs M1 and M2 operate with duty cycle of 0.5. When M1 is off, the voltage 
across M1 terminals is V,.=2V,. As both M1 and M2 are subjected to open-circuit-voltage of 
2V,, this configuration is suitable for low-voltage applications only. 

11.1.5. Half-bridge Converter 

The circuit for half-bridge SMPS configuration is shown in Fig. 11.5. It consists of an 
uncontrolled rectifier, wo capacitors Cl and C2, two power MOSFETs M1 and M2, one 


transformer with mid-tap on the secondary side, two diodes D1 and D2 and filter components 
Land C. 





Uncontrolled 
recuter 





| Contral 
circu 





Fig. 11.5. Half-bridge SMPS. 
Two capacitors Cl and C2 have equal capacitance, therefore voltage across each of the 
te : | 
two is >" When M1 is turned on, voltage of Cl appears across transformer primary, i.e. 


& 


ZN; 





V. | | 
U,= 5 and voltage induced in secondary is vy = ‘Ny and diode D1 gets forward biased. 


ae 4 
When M2 is turned on, a reverse voltage of a appears across transformer primary from C2, 


Vs | . : ¥, 
Le. Uy=— and voltage induced in secondary winding is v,=— ON, No, therefore diode D2 
"1 


; V 
gets forward biased. This means that transformer primary voltage swings from =e to 


. 
+ oe Average output voltage, however, is 
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Vo= apr Na = 0.8 V, 

When M1 is off, open circuit voltage across M1 terminals is V,,= V,. When M2 is off, as 
before V,.=V,. For h.v. de applications, half-bridge converter is, therefore, preferred over 
push- pull converters, For I.v.de applications, push-pull SMPS is preferred due to low 
MOSFET currents. 

11.1.4. Full-bridge Converter 


The circuit arrangement for a full-bridge SMPS is shown in Fig. 11.6. It consists of an 
uncontrolled rectifier, four power MOSFETs, transformer with mid- tap secondary, two diodes 
and LC filter circuit. As in all the previous circuits, the function of control circuit is to sense 
the output load voltage and to decide about the duty ratio of MOSFETs. 







Uncontrolled 
rectifier 


Control | 
circuit 


Fig. 11.6. Full bridge SMPS. 
When power MOSFETs M1 and M2 are turned on together, voltage V, appears across 
V~ 
transformer primary, t.e. v;=V, and secondary voltage v= ay N,=aV,. Diode D1 gets 
forward biased and V, =a V,. When M3 and M4 are turned on together, the primary voltage 


V . k , it 
is reversed, t.e.v,;=—- V, and vg= oa N.=~-a V,. Therefore, diode D2 now begins to conduct 
: : 
and the output voltage is again V, =a V,. 


The open circuit voltage across each MOSFET is V,,.=V,. Of all the four configurations 
of SMPSs, full-bridge converter operates with minimum voltage and current stress on the 
power MOSFET, It is therefore very popular for high power applications above 750 W. 

The overall size of SMPSs is dependent on its operating frequency. Use of power 
transistors is limited to approximately 40 to 50 kHz. Above this operating frequency, power 
MOSFETs are used up to about 200 kHz. 

The main advantages of SMPSs over conventional linear power supplies are as under : 

(i) For the same power rating, SMPS is of smaller size, lighter in weight and possesses 
higher efficiency because of its high-frequency operation. 
(it) SMPS is less sensitive to input voltage variations. 
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The disadvantages of SMPS are as under : 


() SMPS has higher output ripple and its regulation is worse 
(ii) SMPS is a source of both electromagnetic and radio interference due to high fre- | 
quency switching. 
(iii) Control of radio frequency noise requires the use of filters on both input and output 
of SMPS. 
The advantages possessed by SMPSs far outweigh their shortcomings. This is the reason 
for their wide-spread popularity and growth. 


11.2. UNINTERRUPTIBLE POWER SUPPLIES 

There are several applications where even a temporary power failure can cause a great | 
deal of public inconvenience leading to large economic losses. Examples of such applications 
are major computer installations, process control in chemical plants, safety monitors, general 
communication systems, hospital intensive care units etc. For such critical loads, it 1s of 
paramount importance to provide an uninterruptible power supply (UPS) system so as to 
maintain the continuity of supply in case of power outages. 

Earlier UPS systems were based on an arrangement shown in Fig. 11.7. This scheme is 
usually called rotating-type UPS. This arrangement consists of DC motor-driven alternator, 
the shaft of which is also coupled to a diesel engine. The three-phase mains supply, after 
rectification, charges a de battery-bank and feeds the de motor as well. The uninterruptible 


UPS to Critical 
loads 





Fiy wheel 


Battery 
Bank 





Fig. 11.7. Rotating-type UPS system based on de motor/alternator set. 


power supply needed is taken from the alternator output terminals. When mains supply fails, 
the diesel engine is run to take over the load. Starting of the diesel engine takes 10 to 15 
seconds. During this period, the battery-bank is able to maintain the alternator speed through 
the de motor and the flywheel, thus giving a no-break supply to the critical load. At present, 
however, static UPS systems are becoming popular up to a few kVA ratings. 

Static UPS systems are of two types ; namely short-break UPS and no-break UPS. In 
short-break UPS, the load gets disconnected from the power source for a short duration of 
the order of 4 to 5 ms. In no-break UPS, load gets continuous uninterrupted supply from the 
power source. These are now discussed briefly. 

Short-break UPS. In situations where short interruption (4 to 5 ms) in supply can be 
tolerated, the short-break UPS shown in Fig. 11.8 is used. In this system, main ac supply is 
rectified to dc. This de output from the rectifier charges the batteries and is also converted 
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to ac by an inverter, Fig. 11.8. After passing through the filter, ac can be delivered to load in 

case normally-off contacts are closed. Under normal circumstances, normally-on contacts are 

closed and normally-off contacts are open and the main supply delivers ac power to the load. 

At the same time, the rectifier supplies continuous trickle charge to batteries to keep them 

fully charged. In the event of power outage, normally-off switch is turned-on and the batteries 

deliver ac power to critical load through the inverter and filter. Amomentary interruption in 
Normally wre 


pts se 


Static . a 
tronsfer 
switches 

Se oe 


ees a smtnan 
Normally 2 eee Normally OFF 



















Power flow 









| Rectitier 
o¢-dc 


Inverter 


supply oc=ac 


Botteries 


Fig. 11.8. Short-break static UPS configuration. 


the supply (4 to 6 ms) to the load can be observed in case lamps and fluorescent tubes are a 
part of the load. When normally-on switch is opened and normally-off switch is turned on, 
lamps will have a transient dip in their illumination whereas the fluorescent tubes will be 
off momentarily and then get turned on. When the main ac supply appears, critical load gets 
connected, through normally-on switch, to the supply mains. Again, a momentary interruption 
in the illumination is noticed. The arrangement shown in Fig. 11.8 is also referred to as 
stand-by power supply. 


No-break UPS. When a no-break supply is required, the static UPS system shown in 
Fig. 11.9 is used. In this system, main ac supply is rectified and the rectifier delivers power 
to maintain required charge on the batteries. Rectifier also supplies power to inverter 
continuously which is then given to ac-type load through filter and normally-on switch. In 
case of main-supply failure, batteries at once take over with no-break of supply to the critical 
load. No dip or discontinuity in the illumination is observed in case of no-break UPS. This 
configuration of Fig. 11.9 has the following additional advantages : 


(i) The inverter can be used to condition the supply delivered to load. 
(ti) Load gets protected from transients in the main ac supply. 
(iit) Inverter output frequency can be maintained at the desired value. 


In case inverter failure is detected, the load is switched on to the main ac supply 
directly by turning on the normally-off static switch and opening the normally-on static 
switch, The transfer of load from inverter to main ac supply takes 4 to 5 ms by static 
transfer switch as compared to 40 to 50 ms for a mechanical contactor. After inverter fault 
is cleared, uninterruptible power supply is again restored to the load through the normally 
on switch. The batteries are now recharged from the main supply by adjusting the charger 
at maximum charge rate so that batteries are charged to their full capacity in the shortest 
possible time. 
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Fig. 11.9. No-break UPS configuration. 
The standby batteries in the UPS system are either nickel-cadmium (NC) or lead-acid 
type. NC batteries have the following advantages : 
(a) Their electrolyte is non-corrosive. 
(b) Their electrolyte does not emit an explosive gas when charging. 
(c) NC batteries cannot be damaged by overcharging or discharging, these have there- 
fore longer life. 

Cost of NC batteries is, however, two or three times that of lead-acid batteries. 

The time period for which a battery or a battery-bank can deliver power to load through 
inverter at the required voltage level depends upon (7) the size of the batteries and (72) nature 
of the load. 

11.3. HIGH VOLTAGE DC TRANSMISSION 

It is well known that electric power generated in power plants in transmitted to the load 
centre on three-phase ac transmission lines. However, for bulk power transmission over long 
distances, high voltage de (HVDC) transmission lines are preferred. HVDC transmission 
possesses the following advantages over AC transmission system : 

(i) In HVDC transmission system, one or two conductors and smaller towers are 
required as against three conductors and tall towers in AC transmission system. 
HVDC transmission, therefore, costs less. 

(ii) Fault clearance in HVDC is faster, therefore DC transmission system possesses 
improved transient stability. 

(iit) Size of conductors in DC transmission can be reduced as there is no skin effect. 
(iv) Two AC systems at different frequencies can be interconnected through HVDC 
transmission lines. 

(v) For power transmission through cables, HVDC is preferred as it requires no charg- 
ing current and the reactive power. 

The additional cost of converting the inverting equipments makes HVDC transmission 
uneconomical for low-power supply over short distances. However, for large-power 
transmission over long distances, HVDC turns out to be economical. As a result, HVDC links 
are being used worldwide at power levels of several gigawatts with the use of thyristor valve . 


* The term “thyristor valve”, used on HVDC systems, denotes a number of thyristars connected in series and 
parallel to get the required voltage and current ratings. 
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Fig. 11.10. Basic layout for HVDC transmission system. 


Fig. 11,10 shows the basic layout of an HVDC transmission system. Two AC systems 
AandS& are interconnected by the DC line. If power flows from A to B, converter A then 
operates as a rectifier and B as an inverter. Reverse power flow from B to A is also possible 
with B acting as a rectifier and A as an inverter. AC filters reduce the current harmonics 
generated by the converters from entering into ac systems. DC filters and smoothing inductors 
L, reduce the ripple in the dc voltage. Both converters A and B have 12-pulse configuration. 
The centre-point of converters A and B is earthed with one line, or pole, at +kV and the other 
line, or pole, at -kV with respect to earth for a+ kV system. With both the ends earthed, the 
power flow can be maintained with +kV line and the ground or with —kV line and the ground. 

11.3.1. Types of HVDC Link 

There are two basic types of HVDC transmission systems. These are monopolar link and 
bipolar link. 

Monopolar or unipolar link shown in Fig. 11.11] (a) offers the simplest arrangement. It 
uses a single conductor which has either positive, or negative, polarity. It is preferred to have 


Rectitying Inverting 


3 phase 
AG ae 
system 


Return current 


Rectifying ib) Inverting 


Fig. 11.11. Types of HVDC link (@) monopolar link and (6) bipolar link. 
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arity 1 : “ti 3+ mroduces less radio interference. The return 
negati ty for the single conductor as it produces ets 
eee eal ts ground or sea. The return current through ground or sea leads to higher 
~qadienin losses, electrolytic action and large potential gradients. 


‘ssion. tw luctors ar s positive and other is 
bipolar HVDC transmission, two conductors are used, one is positive an : 
: sha wilt respect to the ground as shown in Fig. 11.11 (6). As stated before, the alee 
asinkearh grounded at both the ends. As the positive and seeaRte Ee Seen : 
sare ‘to nq earth current. In ca line is opened due to fault, the other c O 
currents, there is no earth current. In case one 1 a emitted .untill 
‘Nl farm uni nalf the rated power can be transmitte 
ad the ground will form unipolar link and half the ra : eae oa 
a falta cleared. It is obvious from above that bipolar system of HVDC is more ais 
than the unipolar or monopolar system. As such, HVDC bipolar link is znOxe co 
employed. A typical bipolar HVDC arrangement 1s described in what follows. 
11.3.2. Bipolar HVDC System oak at = 
| | : ere eke , . re discussed in Chapter 6. Current 
_-phase 6-pulse phase-controlled converters were : | : ne 
Giana achctated on the ac side and the voltage ripple produced on the de side of the 
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(6) 
Fig | ic diag ‘or bipolar HVDC system 
iz. 11.12. (a) Schematic diagram for bipolar HVD ys | 
(6) Twelve-pulse converter obtained by connecting two six-pulse converters. 
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converter used in HVDC system must be reduced. This is achieved by using twelve-pulse 
converter operation which require the use of two six-pulse converters fed from delta-delta 
and delta-star transformers as shown in the schematic diagram of Fig. 11.12 (a). The details 
of the two converter connections are shown in Fig. 11.12 (6). The delta-star bridge gives 
six-pulse output voltage v,, whereas the other delta-delta bridge also delivers six-pulse output 
voltage vo. The two secondaries, one in star and the other in delta, cause a displacement of 
30° in the two six-pulse output voltages such that a twelve-pulse output voltage is obtained 
from Fig. 11.12. It is seen from this figure that the two six-pulse converters are connected in 
series on the dc side and in parallel on the ac side. The series connection on the dc side helps 
to meet the high-voltage requirement in HVDC systems. 

When the power flow is from system A to system B, converters A operate as rectifiers. 
The average value of converters A is as under : 

Average value of v,, = average value of vy. 


aV_s ol 
or Vana = Va2=—™ cos a—-—— I 
where V,,,)= maximum value of line to line iapar voltage to each of the two six—pulse 
converters 
£, = transformer leakage inductance per phase referred to the converter side 
I, = de current 


ao. = firing angle delay. 


The average voltage available across both the series- -connected converters, t.e. de link 
voltage is given by 


6V 6a, 
Va = 2V gy = 2V gq = —™ cos a Ty = > Vy 008 0 - cal, I (11.8) 





11.3.3. Control of HVDC Converters 


Positive and negative poles are operated under identical conditions. Therefore, HVDC 
system of Fig. 11.12(a) can be represented on per pole basis as in Fig. 11.13 (a). In this figure, 


JWils 
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Rectifier Inverter 


(a) (5) 
Fig. 11.13. (a) Representation of Fig. 11.12 (a) and (6) its equivalent circuit. 
Aand 8 are six-pulse converters. Further, it is taken that converter A is operating as a 
rectifier and B as an inverter. Current J, is then given by 
Vaa — Vap 
Ry 
where #,, = resistance of one transmission line conductor. 


I= 


Downl From : www.EasyEngipeering. 
© Wiki Engineering ownloaded From «WWW Ee Te 


Downloaded From : www.EasyEngineering.net 


440 [Art. 11.3] . | Power Electronics 


In practice, one converter is made to control the transmission line voltage and the other 
ta control the current J,. The inverter is usually made to operate at a constant margin angle 
y=n—a-—wu from commutation considerations. It, therefore, follows that inverter is assigned 
the job of controlling V,. The current J, and therefore power level is controlled by the rectif-er. 


At constant extinction angle y, the inverter dc voltage is given by 





: SV ee de ae 
Va-| f cosy 21) = [Vu c08 1-0 L, Za] 
and the rectifier output voltage V,, 1s 


Vig = Ving = Vay + 1a Ry == Vy 008 y- OL, Tg) + Tyg 11.94) 
Also, Vi== V1 c08 0-0 L, I, (11.96) 


Eq. (11.9) leads to the equivalent circuit of HVDC system as shown in Fig. 11.13(). 

Example 11.1. Two six-pulse converters are used in bipolar HVDC transmission system. 
The ac systems are 3-phase, 11000V, 50Hz. The input transformers have a leakage inductance 
of 10 mH per phase. The current in dc line is 300A. The inverter marginal angle is 20°. 
Resistance of each de transmission line is 1 Q. Calculate firing angle of the rectifier, its output 
voltage and dc link voltage. 

Solution. It is seen from the equivalent circuit of Fig. 11.13 (b) that 





V, 3aL.-I, 3V 3aL, - I 
are a - ——— = doe y—-—_—_— @tT; Rh; 
Tt Tt 
Tt 
oF Boas COS Hig — 9 falta 
= ena Ot? nh YAN vy 
= cos 20° + 3 x 11000 * ** 
or a = 16,283° 
Ve = (ité LL, «Lg 
Rectifier output voltage, V,= a 


== [V2 x 11000 x cos 16.283° — 2x =x 50x 10x10" 3 y 300) 


= 13357.2 V 

DC link voltage = 2V,=2 13357.2 = 26714.4 V = 26.714 kV. 

Example 11.2. Two six-pulse converters, used for bipolar HVDC transmission system, are 
rated at 1000 MW, +200 kV. Calculate the rms current and peak reverse voltage ratings for 
each of the thyristor valves. 

Solution. The dc transmission voltage 

= 200+ 200 = 400 kV 
Direct current in the transmission lines, 


1000x 10° ._... 
Iy=—Gop = 2500 A 
It is seen from the working of a 3 phase full converter that each thyristor conducts for 
120° for a periodicity of 360°. 
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.. Rms current rating of thyristor 


120 1 
= euheee =9 \/= = 3 384 
ihe ag 7 2000V a 1443.38 


cos @= 200 kV 





| av. 
Also, mu 
I 


| Vai. = . 
For extreme cases, «= 0° and = 200 kV 


or Vint = ore = 209.44 kV 
Since there are two SCRs conducting simultaneously in a six-pulse converter, the peak 


209.44 
2 


reverse voltage across each thyristor valve = -= 104.72 kV. 


11.4, STATIC SWITCHES 
A switch having no moving parts is called a static switch. Power semiconductor devices 
which can be turned on and off within a few microseconds can be used as fast-acting static 
switches. For high-power applications, thyristors are being used as static switches whereas 
for low-power applications, power transistors are preferred. Static switches are now replacing 
mechanical and electromechanical switches because of several advantages listed below : 
(2) On time of a static switch (SS) is of the order of 3 jis, it has therefore very high 
switching speed. | 
(iz) SS has no moving parts, its maintenance is therefore very low. 
(ii) SS has no bouncing at the time of turning on. 
(iv) SS has long operational life. 
In static switches, however, attention must be paid to leakage current during their off 
periods. 






oe 
E a | 


(a) (5) (c) 
Fig. 11.14. Single-phase switches 
(a) electromechanical (6) triac and (c) two-thyristors in anti-parallel. 










An electromechanical switch shown in Fig. 11.14(a) is actuated by magnetic coil or 
plunger. The static switches using triac and two thyristors in anti-parallel are shown in Fig. 
11.14 (6) and (c) respectively. Static switches are now being used for relays, circuit breakers, 
fuses, flashers, UPS, automobile blinkers etc. 

It may be observed that circuit of Fig. 11.14(c) is the same as that of Fig. 9.4(a) for 
single-phase ac voltage controller. But these two circuits are operated differently. Note that 
static means changeless. In other words, this implies that static switch merely connects a 
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load to the supply or disconnects a load from the supply. Static switch does not change or 
control the power delivered to load as it is done in a single-phase voltage controller. In static 
switches, the semiconductor switches are turned on at zero-crossing of load current, whereas 
it is not so in single-phase voltage controllers. 

Static switches can also be used for latching, current and voltage detection, time-delay 
circuits, transducers etc. 


Static switches are of two types : (i) ac switches and (ii) de switches. If the input is ac, 
ac SSs are used and for de input, de SSs are used. Switching speed for ac switches is governed 
by the supply frequency and turn-off time of thyristors. For de static switches, the switching 
speed depends on the commutation circuitry and turn-off time of fast thyristors. AC switches 
may be single-phase or three-phase. Static switches are discussed in what follows: 

11.4.1. Single-phase AC Switches 


The circuit diagram of a single-phase ac switch is shown in Fig. 11.15 (a), Here two 
thyristors are connected in anti-parallel. For resistive load in Fig. 11.15 (a), the waveforms 
for source voltage v,, triggering pulse t,, for Tl and pulse i,» for T2, load voltage v, and load 
current i, are shown in Fig. 11.15(c). Note that T1 is triggered at ot = 0°, wt = 27, ..... and T2 
is triggered at wf =n, 3n..... when the load current waveform is passing through zero. For 


_,@b . | 
RL load, output or load current t, lags vu» by load power-factor angle ¢=tan : Rp” For RL 


load, Tl must be triggered at ot =6, 20+ 6,.... and T2 at r+, 3m + ® and soon, Fig. 1 15(d). 
A triac TR can replace two anti-parallel thyristors as shown in Fig. 11.15(6). For triac, only 
one pulse i, =i,; =t,. in each half cycle will be required. 





Fig. 11.15. Circuit diagram for single-phase ac switch (a) using two thyristors 
(b) using one triac (c) waveforms for F load (d) waveforms for AL load. 
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As load current waveform i, is a sine wave, it can be expressed as 
lo = rr gin cot 


Rms value of load current ig, or source current i,, in Fig. 11.15 (c) and (d) is 


12 
m i. | 
a E j I? sin? cat - dot) = (11.10) 


Note that each thyristor carries current for 180° for each cycle of load current. Therefore, 
average value of thyristor current is 


and rms value of thyristor current, 
1/2 

No ea cas Son ee 
In| : jt sin? we dws) = 3 

A bi-directional switch, using four diodes and one thyristor (or a triac or a GTO) is shown 
in Fig. 11.16(a). This circuit, in performance, is similar to that of Fig. 11. 15(a). The waveforms 
for source voltage v,, triggering pulse i, for thyristor T, load current 1) or source current 1, 
and thyristor current ip are shown in Fig. 11.16(6). It is seen from this figure that rms value 


of thyristor current, 


(11.12) 


1/2 
r. he 
re -|3 J. I, sin? wt - doe) = ..(11.13) 


and average value of thyristor current, 


oI 





(a) _ (8) 
Fig. 11.16. (a) Single-phase ac bi-directional switch (5) its waveforms. 
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11.4.2. DC Switches 

As stated before, in de switches the input voltage is dc. Power semiconductor devices used 
in a de switch may be transistors, thyristors or GTOs. 

When thyristor is used, it must have forced commutation circuitry as an integral part of 
de switch. One such circuit giving the principle of operation of a de switch is shown in Fig. 
11.17(a). Here T1 is the main thyristor and TA is the auxiliary thyristor. Capacitor C is 
charged to source voltage V, with lower plate positive. When T1 is on, normal load current 
I, flows from source to load through T1. For breaking the dc circuit, auxiliary thyristor TA 





(a) ome 1) 
Fig. 11.17. Single-pole thyristor de switch. 


is turned on. Capacitor C at once applies a reverse voltage across T1 turning it off at once. 


After this, load current flows as shown in Fig. 11.17(b). Capacitor now gets charged from 


+ V, to— V, and current through TA falls below its holding current to turn it off. Subsequently, 
freewheeling diode takes over and load current eventually decays to zero. For further details, 
refer to Figs. 7.21 to 7.23. 

Single-pole dc switches using a transistor and a GTO are shown in Fig. 11.18(a) and (6) 
respectively. In Fig. 11.18(a), when forward base current is applied to transistor, TR gets 
turned on and dec voltage V, appears across load. When base current is removed, TR gets 
turned off and load current falls to zero. A freewheeling diode FD is necessary for the inductive 
load, 


TR 






a 
Base drive 
circuit 





(a) (5) 
Fig. 11.18. Single-pole (a) transistor de switch (6) GTO de switch. 

In Fig. 11.18 (5), gate turn-off thyristor is turned on by a short positive gate pulse as in 
ordinary thyristors. When required, GTO can be turned off by a short negative pulse applied 
to its gate terminals. Note that a GTO requires no forced-commutation circuitry. 

11.4.3. Design of Static Switches 

The design of static switches involves the determination of voltage and current ratings 
of power semiconductor devices employed. Their design is illustrated with an example. 
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Example 11.3. A single-phase ac switch of Fig. 11.16 (a) is used in between a 230-V, 50 
Hz source and a load of 2 kW at pf of 0.8 lagging. Determine the voltage and current ratings 
of (a) the thyristor and (b) diodes of the bridge. Take a factor of safety of two. 


Solution. (a) Peak value of load current, 


tz 2000 V2 
m 230 x 0.8 


Rms value of thyristor current, from Eq. (11.13) is 


lee Pa? | 
Ir,.= eae S 10.87 A 


Average value of thyristor current, from Eq. (11.14), is 


=15.37A 


2. 2x 15.3 
Igy = = = 9.785 A 


Maximum, value of rms current for SCR 
=10.87x2=21.74A 
Maximum value of average current for SCR 
= 9.785 x 2=19.57 A 
For the configuration of Fig. 11.16(a), thyristor is always on, therefore it is subjected to 
almost zero inverse voltage. However, PIV for this SCR may be taken as V,, = V2 x 230 
= ole 
So choose a thyristor with PIV = 325.22 V, maximum rms on-state current 21.74 A and 
maximum average on-state current = 19.57 A. 
(bh) Each diode conducts for 180° for a periodicity of 360°. This gives maximum value of 
diode current = tm _ 15.37 _ 7.685 A and maximum value of average diode current =— 


2 2 1 
= et = 4,892 A. 

Diode also experiences zero inverse voltage under ideal conditions. So diode PIV may be 
selected as for the thyristor. So choose a diode with PIV = 325.22 V, maximum rms on-state 
current = 7.685 x 2=15.37A and maximum average on-state current = 4.892 x2=9, 764A. 


11.5. STATIC CIRCUIT BREAKERS 

Static circuit breakers are semiconductor-based circuits capable of providing a fast and 
reliable interruption to a continuous current. Static circuit breakers are of two types; static 
ac circuit breakers and static de circuit breakers. High-current circuit breakers employing 
thyristors are now discussed briefly. 

11.5.1. Static AC Circuit Breakers 

Statice ac switch can be made to operate as a static ac circuit breaker. In Fig. 11.19 (a) 1s 
shown a simplified circuit configuration for static ac circuit breaker and Fig. 11.19 (5) gives 
relevant voltage and current waveforms. As in static switches, thyristors 1 and 2 in Fig. 
11.19(a) are turned on at the instant load current is passing through zero. For breaking the 
circuit, the triggering pulse is withdrawn. For example, at wt = 4n + 9, if triggering pulse z,, 
is not applied to T1, it will not get turned on. T2 is already off just before wt = 4m + 9. Therefore, 
the continyity of the circuit is broken. So when turn-off command is received by the control 
circuit due to some system fault, the gating pulse is withdrawn from T1 or T2 and eventually 
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4m+ $ 
(a) (5) 
Fig. 11.19. (a) Static ac circuit breaker and (6) its relevant voltage and current waveforms. 
the circuit is broken. In case turn-off command is received just after 3n + 9, load current will 
be broken only at 4n + 6, i.e. a delay of m radians or half-cycle is a must. If turn-off command 
is received at the instant (3x + 6) < wt < (4n+ 6), even then the circuit is broken at the instant 
wt = 4n + only. This shows that maximum time delay for breaking the circuit is one half-cycle 
Le. seconds after turn-off command is accepted by the control circuit due to some exigencies’ 
in the system. 

11.5.2. Static DC Circuit Breakers 

A simple arrangement of static de circuit breaker is shown in Fig. 11.20. This circuit is 
similar to that shown in Fig. 5.4(a), pertaining to class-C commutation. As stated i Retires 
when input voltage to a circuit consisting of thyristors is dc, 
forced commutation is essential for turning off a thyristor. For 
complete analysis, refer to section 5.3. Here only brief discussion 
is given. 

When main thyristor T1 is turned on, load voltage becomes 
equal to source voltage V, and capacitor C begins to charge 
through the circuit V,, Ro, C and T1. Eventually capacitor C gets 
charged with right hand plate positive. For breaking the circuit, 
auxiliary thyristor T2 is turned on. Capacitor voltage v, at once 
applies a reverse voltage V, across SCR T1 and turns it off. After 
T1 is force commutated, capacitor will charge from + V, to — V, 
through the circuit V,, load, C and T2. When C is fully charged to — V, (left hand plate positive), 
current through load will be zero and at the same time current through FA, will be less than 
the holding current of SCR T2. As a result, T2 will get turned off naturally. From this, the 
value of R, can be determined. 





Fig. 11.20. 
Static de circuit breaker, 
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Example 11.4. For the static de circuit breaker shown in Fig. 11,20, the supply voltage ts 
200 V de and load current required is 10A. SCR T1 has a turn-off time of 20 [Us and SCR T2 
has a holding current of 5mA. Find the values of parameters R,, C and load resistance. Take 


a. factor of safety of 2.. 
Solution. Load resistance, A, = a = 200 
Holding current determines the value of R,. Therefore, 
R,= a = 40k Q. 
It is seen from Eq. (5.9) that voltage v,, across T1, after T2 is turned on, is given by 
Um =—-u, = V, [1-226 *) (11.15) 


The turn-off time ¢, for Tl can be obtained from Eq. (11.15) by calculating the period 
during which v7, falls from - V, to-zero. Therefore, from Eq. (11.15), 
O=V, [1-2 exp (-t,/R, - ©)! 
or t.=R,Ciln2 


Gee Se a as 8 


11.6. SOLID STATE RELAYS 

AC and dc static switches can be used as solid state relays (SSRs) in ac and de circuits 
respectively, In ac circuits, thyristors or triacs are used whereas in dc circuits transistors are 
preferred. Solid state relays have no contacts or moving parts. These are now being used 
extensively and are replacing the conventional contact-type electromagnetic relays in 
applications like control of motor drives, resistance heating etc. SSRs need electrical isolation 
between control circuit and the load circuit by means of optocouplers or pulse transformers. 


Photo-diode Phoio-transistor 
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(a) (5) 
Fig. 11.21. Optocouplers using (a) a photo-diode and (4) a photo-transister. 


An optocoupler consists of infra-red light emitting diode (ILED) and a photo-diode or a 
photo-transistor. An optocoupler having ILED and photo-diode is shown in Fig. 11.2] (a). A 
short pulse V, applied to ILED will cause it to emit light on to photo-diode which will then 
begin to conduct in the reverse direction as shown. An optocoupler using photo-transistor is 
shown in Fig. 11.21 (4). As before, a short pulse V, applied to ILED will throw light on the 
base of photo-transistor and turn it on, As photo-transistor 1s more sensitive than a 
photo-diode, optocouplers based on opto-transistors are more common. 
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11,6.1. DC Solid State Relays 

A de solid state relay using opto-coupler for isolation purposes is shown in Fig. 11.22. 
When control pulse V; is applied to ILED, it emits light and turns on the photo-transistor. 
The current output from the photo-transistor acts as the base current for transistor TR. 
Consequently TR is turned on and source voltage V, is applied to load. 

When control pulse V,. is absent, TR gets turned off and load voltage is zero. 


Solid state Relay 


| Photo transistor 





Qptocoupler 
Fig. 11.22. DC solid-state relay using an optocoupler. 

11.6.2. AC Solid State Relays 

Fig. 11.23 shows two basic circuits for ac solid-state relays. Fig. 11.23 (a) uses a pulse 
transformer for isolation purposes and in Fig. 11.23 (5), isolation is provided by an 
optocoupler. When control signal appears across the primary of pulse transformer, its 
secondary applies a triggering pulse to turn on the triac. As a result, circuit is completed 
through v,, load and triac and therefore, source voltage is applied to the load. 

solid a state Bey os 









ar “a 

Solid state Reloy Opiecoupler : | 

ge deatomegles leah! armed pane eh 

1 i | a i 

ry 

1 | 

| ne alli 

i ei i 

: p . | _ 
Contral | lt =s ‘ 
ae . + O { | Ac voltage 
3M Ve : source 

! ‘y ia | 

I i 

— ! AC source aay 
eae a PORE a ea aoa ee 
(a) (5) 


Fig. 11.23. AC solid-state relays using (a) a pulse transformer and (b) an optocoupler. 


In Fig. 11.23 (6), control signal turns on the photo-transistor. If the ac supply has upper 
terminal positive as shown in Fig. 11.23(6), the current will flow through R, D1, 
photo-transistor, D2, triac gate and source. This current will turn on the triac and load gets 
energised by source voltage v,. The function of R is to limit the flow of gate current of triac. 
If lower terminal of ac supply is positive, the current will flow through triac gate, D3, photo- 
transistor, D4, R and source v,. Triac gets turned on and source voltage is applied to load. 


11.7. RESONANT CONVERTERS 


In SMPSs discussed in Art. 11.1 and in the PWM inverters described in Chapter 8, the 
switching devices are made to turn-on and turn-off the entire load current at high di/dt. The 
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devices handling high di/dt also experience high-voltage stresses across them; due to these 
two effects, there are increased power losses in the switching devices. In case size and weight 
of the converter components is to be reduced, switching frequencies are increased. At these 
high frequencies, switching losses and high-voltage stresses are further aggravated. Another 
major drawback of high di/dt and high du/dt caused by rapid on and off of the switching 
devices is the electromagnetic interference. : 

The shortcomings enunciated above can be minimised if each switch in a converter 1s 
turned on and off when the voltage across it and/or current through it is zero at the instant 
of switching. The converter circuits which employ zero-voltage and/or zero-current switching 
are called resonant converters. In most of these converters, some form of L-C resonance 18 
used, that is why these are known as resonant converters. | 

In this section, resonant converters employing zero-current switching (ZCS) and 
zero-voltage switching (ZVS) are described. 

11.7.1. Zero-Current Switching Resonant Converters oe 

There are two types of ZCS resonant converters, L-type and M-type. Both of these circuit 
topologies use L and C as a series resonant circuit; in addition ZL also limits di/dt of the 
switching current. Here first L-type and then-M-type ZCS resonant converters are presented: 

11,7.1.1. L-type ZCS Resonant Converters. An L-type ZCS resonant converter 18 
shown in Fig. 11.24. The switching device S in the figure can be a GTO, thyristor, BJT, power 
MOSFET or IGBT, At low kilohertz range; GTO, thyristor, transistor or IGBT is used whereas 
for megahertz range, power MOSFETs are preferred. Inductor L and capacitor C near the de 
source V, form a resonant circuit whereas L;,C, near the load constitute a filter circunt. 
Direction of currents and plarities of voltages as marked in Fig. 11.24 are treated as positive. 





Resonant circuit Filter circuit 


Fig. 11.24. L-type zero-current-switching resonant converter. 

The circuit of Fig. 11.24 is initially in the steady state with constant load current Ty. Filter 
inductor L, is relatively large to assume that current i, in‘L, is almost constant at I. Initi ally, 
switch S is open; resonant circuit parameters have i, =0 in L and v.=0 across C and the 
load current J, freewheels through the diode D. 

For the sake of convinience, working of this converter is divided into five modes as under. 
For all these modes, time ¢ is taken as zero at the beginning of each mode. 

Mode I. (0<t<t,). At t=0, switch S is turned on. As I, is freewheeling through diode 
D, voltage across ideal diode vp = 0 and also vu, = 0, Fig. 11.25(a). It implies that source voltage 
V, gets applied across L and the switch current i, begins to flow through V,, switch S, L and 


Vo | | 
diode D, Fig. 11,25(a). Therefore, V,=L di/dt. It gives t,, => t. It shows that inductor or 
switch current i, rises linearly from its zero initial value. The diode current ip is given by 
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, V 
ip=Iy-i,p=Ip-> t (11,15) 
| ashi shen 
Att=t,, => t, =I). This gives 
In: L 
= V 
a} 


Also, at t= ¢,, ip =I, - 1, = 0. Soon after 1, as ip tends to reverse, diode D gets turned off. 
As a result of this, short circuit across C is removed. 

Mode IT (0 < t < t,). Switch S remains on. As D turns off at ¢ = 0, current J, flows through 
V,, L, Ly and R. In Figs. 11.25(a) and (b), constant current through L, and R is represented 
by current source J,. Also, a current tc begins to build up through resonant circuit consisting 
of V,, Z and C in series. The inductor current i, is, therefore, given by 


ip =Ip tig =p +1, sin at (11.16) 


C Ve | 
where J,,=V,7\ LZ and Wy = sel Here Zy) = V Z is the characteristic impedance of the 
resonant circuit. 
The capacitor current is i, =J,, sin Wot and capacitor voltage v, is given by 
u. (t) = V, (1 — cos wot) (11,17) 


The peak value of current i, is J, =Iy+J,, and it occurs att = San = ; vLC. At this instant, 
| 


v, = V, [1-cos x] = 2V, andi, =I... 


When t=¢, ies =n VLC, capacitor voltage reaches peak value V,,, = V, [1 — cos 1m] = 2V, 
and z.= 0. ; 

Also, at f= to, iz =p, i.e. switch current drops from peak value (I, +J,,) to Ip. 

Mode III (0st <t,). Switch S remains on. At t = 0, capacitor voltage is 2V,. As i, tends 
to reverse at t=0, capacitor begins to discharge and force a current i,=V, VE sin Wot 
opposite to i,;, Fig. 11.25(c), so that inductor or device current ly is given by 


tp =I, -1, =I, —J,, SiN Wyt (11,18) 
and capacitor voltage v, = 2V, cos wot. Current i, falls to zero when t = fs, 
be. i, =O =I) -I,, Sin Wot 
or t,=VLC sin! (I,/I,,) 


At t=tz, vem BV, 608 yt = 2Y,| HE = Ve 


During this mode, i, = J,, sin @t and as i, falls to zero at tz, switching device S gets turned 
off. Note that current 7, in this mode flows opposite to its positive direction, it is therefore 
shown negative in Fig. 11.25(c) and in Fig. 11.26. At t = t,, the value of i, =—- Ip. 
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(c) Mode III, i; =I, —i, (d) Mode IV, -i,=1[, — (e) Mode V, tp =1, 
Fig. 11.25. Equivalent circuits for the operating modes of L-type ZCS resonant converter. 
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Fig. 11.26. Waveforms for L-type ZC5 resonant converter. 
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Mode IV. (0 < t < t,). As switch S is turned off at ¢ = 0, capacitor begins to supply the load 
current J, as shown in Fig. 11.25 (d). Capacitor voltage at any time ¢ is given by 


lf; 
ve=Vig-~ Jig ‘dt 
As magnitude of capacitor current 1, =J, is constant, 


ot last 
v,=Va- 7 t (11,19) 


This mode comes to an end when v, falls to zero at ¢t =t,. 


| Ip 
Or = Ves = C ty 
| C Ves 
or t= I, 

At t=0,v7=V,—Vog and at t=t,,up=V,-—0O=V, as shown in Fig. 11.25(d). As J, is 
constant, capacitor discharges linearly from V;-, to zero and vy varies linearly from 
(V, — Veg) to V, as shown in Fig. 11.26. 

Mode V (0 < t <t,). At the end of mode IV or in the beginning of mode V, capacitor voltage 
vu, is zero as shown in Fig. 11.26. As v, tends to reverse at t= 0, diode D gets forward biased 
and starts conducting, Fig. 11.25(e), The load current J, flows through the diode D so that 
in = I during this mode, 


..(11.20) 





This mode comes to an end when switch S$ is again turned on at ¢=f,. The cycle is now 
repeated as before. Here t; = T — (t) +t, +tg+t,). 

The waveforms for switch or inductor current i,, capacitor voltage v,, diode current Jp, 
capacitor current i; and voltage across switch S as vy are shown in Fig. 11.26. It is seen that 
at turn-on at f= 0 (0 <¢<t,), switch current i, = 0, therefore switching loss v7, = 0. Similarly, 
at turn-off at ¢, (0 <¢ <t,), i; = 0 and therefore vi, = 0. It shows that the switching loss during 
turn-on and turn-off processes is almost zero. The peak resonant current /,, =z must be 
more than the load current J,, otherwise switch current J, will not fall to zero and switch S 
will not get turned off. 

The load voltage v, can be regulated by varying the period ¢,. It is obvious that longer — 
the period ¢-, lower is the load voltage. 

11.7.1,.2. M-type ZCS Resonant Converter. An M-type ZCS resonant converter is 
shown in Fig. 11.27. As before, L and C form the resonant circuit and L,, C, the filter circuit. 
Capacitor C is connected across the series combination of switch S andL; but in L-type 
converter, C is connected across diode D. Working of this converter can be divided into five 
modes as for the L-type resonant converter. The time origin ¢ = 0 is redefined at the beginning 
of each mode. 

Mode I(0<t<t,), Prior to mode J, Le. before switch S$ is turned on at t = 0, load current 
I, freewheels through diode D. Also, voltage v,=V, before S is closed. At t=0, switch S is 
turned’ on. Now current i; begins to develop through V,, L and D as shown in the equivalent. 
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Filter circuit 
Fig. 11.27. M-type zero-current-switching resonant converter. 


circuit of this mode, Fig. 11.28 (a). It is seen that 7; = 7 t rises linearly as in L-type converter. 


Also, diode current in = Ig = Lp 





OE PE 
Att=f, ty =1p= > by 
pita (11.21) 
or i or 


At t=t,,i, =I, andip=I)—I,=0, diode D is therefore turned off. Voltage uv, across 
capacitor stays at V, through D. 








(d) Mode IV, v.= Ve3 att=0, Lp =() (e) Mode V, if =) 
Fig. 11.28. Equivalent circuits for M-type 7ZCS resonant converter. 


Mode II (0 <t <t,). After D turns off, load current I, flows through Vs and L a shown 
in Fig. 11.28(b). Also, C and L form a resonant circuit where the current 7, 1s given by 
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i.=V, ve sin Wot =I,, sin Wot 


and capacitor voltage v, is given by v, = V, cos ot 

At t=0,v0,=V,,1,=0,t,=J) When @)f,= or f,= 2 =nVLC, capacitor voltage 
v.=—-V,,1.=0 andz.=Ip. - 

When so = i. = Ip, ip =Ig + Im, and v, = 0. 

During this mode, i, =IJ)+J,=I)+J,, sin Wf and capacitor gets charged from V, to—V, 
as shown in Fig. 11.29. 





ey ty he tp ——wl tp ty oh ts 


—— = 
—— = = 


Fig. 11.29, Waveforms for M-type ZCS resonant converter. 

Mode III (0<t<t,). Equivalent circuit for this mode is given in Fig. 11.28(c). Various 
waveforms for M-type 2CS resonant converter are shown in Fig. 11.29. It is seen that capacitor 
voltage at the end of second mode is negative, t.e. v.=—- V,. During mode III, the capacitor 
voltage is given by | 

v.=—V, cos Wf, t,=/,, $1N pf 
and tp =Ih-t,=1h-lIn SIN Wot 
At f=ts, switch current 7, falls to zero as in L-type converter. 
Also at t=t; v,=— V, cos Wy tg=— Veg andi, =I, sin @pty =I, so that i; = 0. This gives 


ee ey (ef _-1| 40 
3 = sin 7 LC sin ra ...(11,22) 


Mode IV (0 < t <t,). In the previous mode, as i, falls to zero and tends to reverse, switch 
S is naturally turned off. In this mode, therefore, S remains off and the equivalent circuit of 
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Fig. 11.28(d) applies. Load current J, flows through V, and C. At?=0,v,=—- Veg. Current J, 
charges C from — V-, at t= 0 to V, att =¢,, Fig. 11.29. Therefore, 


dv Vit Ves 
A i ae ree oe 
or i= sete ...(11.23) 
0 


At t,, v, = V,. Actually, at ty, C is somewhat overcharged with left hand plate positive and 
consequently diode D gets forward biased. 

Mode V (0<t<t,). Att=0, diode D starts conducting and I, freewheels through D as 
shown in Fig. 11.28 (e). Switch S is open and voltage vu, stays at V, through D. Switch current 
i, remains zero as S is open. At time t = T, switch S is again turned on and the cycle repeats. 

11.7.2. Zero-Voltage-Switching Resonant Converters 

A zero-voltage-switching (ZVS) resonant converter is shown in Fig. 11.30. It consists of 
diode D1 and capacitor C connected across the switch S. As in ZCS converter, ZVS resonant 
converter has L,C as the resonant circuit components and L,,C, as the filter circuit 
components. The function of resonant capacitor C is to produce zero voltage across the switch 
S. Diode D2 provides a free wheeling path to load current J). As the name suggests, the switch 
S in ZVS resonant converter is turned on and off at zero-voltage across the switch. 





Resonant circuit Filter circuit 


Fig. 11.30. Zero-voltage-switching resonant converter. 

The working of this converter can be divided into five modes with equivalent circuits as 
shown in Fig. 11.31. As before, the time origin ¢=0 is redefined at the beginning of each 
mode. Load current J, is assumed constant and filter inductor current ip is also taken to 
remain level at J, as filter inductor is relatively large. Initially, switch S is on and conducting 
I). Therefore, inductor current i, =) and initial voltage across capacitor Vc = 0. 

Mode I (0 <t <t,). At ¢=0, switch S is turned off. From the equivalent circuit of mode 
I, Fig. 11.31(a), it is seen that constant current J, flows through V,,C andL. As a result, 
voltage across switch S or C builds up linearly from zero to V, at time t=f,. Diode D2 1s off. 
As the capacitor is charged from zero to V,, capacitor voltage v, is given by 





; au 
[g=C ay 
I, 
or Uo=Tt 
I CV | 
At time t=t,, =Gh=V, or 4= i. (11.24) 
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Note that voltage across diode D2 is vp,=V, at t=0 and vp. =0 at t=2,. 

Also, at f= 0, v, = 0; therefore switch S is turned off at zero voltage as required. 

Mode II (0<t<t,). At t=0, actually capacitor is somewhat overcharged, i.e. v,> V,; 
therefore diode D2 becomes forward biased. Now a resonant current 1, is set up in series 
cireuit V,, C, L and D2, Fig. 11.31(6), where i, is given by 

Ly =I) COS Wy t 
The capacitor voltage v, is given by 
uv, = V, + V,, Sin Wot ..(11,25) 


where V_ =I, Wa =I, 2, and Zy = VG is the characteristic impedance of the circuit in 


ohms. The peak switch or capacitor voltage Vics occurs when ®)f =7/2 or f= : VLC and its 


value is 
Vik = Vat Vin = Vs t+ 1% 

At t =f, i, =—I, where ot.=1 or t2=m VLC and capacitor voltage is v, = V,. 

Diode D2 current is given by ips =I, — J, cos Wof. 

At t =0, ipo = 0, at t=5 VC, ine = Ip and at t =to, ing = 2p. 

It may be observed from the waveforms that a ZVS resonant converter is the dual of ZCS 
resonant converter. 

Mode III (0 <t < t,). Initially, i.e. at ¢=0, v, = V, andi, =— J). With time ¢ reckoned zero 
from the beginning of this mode, capacitor voltage is given by 





(6) Mode II, i; =I, sin wot 





tr=le P 
. ve et 
Vs % Vn» Io 
Ve=9 ] | 
) ey Ve se ie 
(d) Mode IV, i = —Ih3 ery. t (e) Mode V, bp = ly = Io 


Fig. 11.31, Equivalent circuit for Z2VS resonant converter. 
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u.= V, — V, SIN Wot 
and L, =—I, cos Mot 
so that Ln =Ip =f, cos Wp 
At time t=f,, v, =0, 4, =I,3 and tp, =1) — Ip3. This gives 
0=V,-—V,, 81M Wy ty 
or t,=VLC sin” fz] \ r. ...(11,26) 


At the end of this mode, Le. at t=?¢s, v.=0; as a result reverse bias across D1 vanishes 
and i, begins to flow through D1. 

Mode IV (0 <t <t,). During this mode, capacitor voltage is clamped to zero by diode D1 
conducting negative current i,. As soon as antiparallel diode D1 begins to conduct at t= 0, 
gate drive is applied to switch S. The inductor current i, rises linearly from —J,3 to zero. At 
this instant, reverse bias of Dl vanishes and already gated switch S turns on. This shows 
that switch S turns on at zero voltage and zero current. After this, current rises linearly to 
I, in the circuit formed by V,,S, L and D2. The linear variation of current from J; is given 
by 
















las f 
i F : 
Fi i i ¥ | 
0! I i ie A ' i i 
+ ly bs LS rer hep — fe, —wtep—— 1, —_—+ ! 1 
| 1 Uy i ; I I 
I i i i 1 i 
i | | , ef ! 
‘oa , 2 a 
Ne: : ie 
| i i i 
! : mal 
| 
i 


—— ——_ oe 


Fig. 11.32. Waveforms for ZVS resonant converter. 
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; V 
i, =-Ipgt>t 


L 


Atf=t, ip =I) =—Ip,+ 5 t, This gives 


(LL 
ty = (Ig + Zy3) ¥, see 11,27) 
# 


Diode current ip, =J)+ iz. At t=0, ip, =I, + [yg and time t = ¢,, inp = 0. During modes II, 
{IT and IV, diode D2 is in conduction, therefore vp. = 0, as shown in the waveforms of Fig. 
11.32. 

Mode V (0<t<t;). At the end of mode IV, or ‘n the beginning of mode V at ¢=0, i; 
reaches Jy and therefore diode D2 turns off. Switch S continues conducting J, as shown in 
Fig. 11.31(e). Note that voltage up, = V, during this mode. Mode V ends at t =¢. when switch 
S is turned off again at zero voltage. The cycle now repeats as before, 

The various waveforms for these five modes are now sketched in Fig. 11.32. It is seen 
from these waveforms that for a ZVS resonant converter : 

{t) switch, or inductor, current is limited to J, 
(ti) average value of output voltage V, can be controlled by controlling the interval ts. 

This shows that average power delivered to load can be controlled by regulating the output 
voltage V, for a given load current Jp. 


11.7.3. Comparison between ZCS and ZVS Converters 


| ee = ab 
In ZCS, the switch is required to handle a peak current of I+. For natural turn-off, 
0 


Z. must be more than J). There is, therefore, an upper limit to the value of load current in 


4£CS converters. 

In 2VS, the switch is required to withstand a peak voltage of V, +1529. This shows that 
peak switch voltage is dependent on the load current J. A wide variation of load current 
would need large voltage across the switch. As peak voltage across the switch is a dominating 
factor, ZVS converters are used only for constant load applications. 

In general, ZVS is preferred over ZCS at high switching frequencies, primarily due to 
internal capacitances associated with the switch. 






PROBLEMS 





11.1 (2) What is SMPS ? Give its operating principle and industrial applications. 
(6) List the various types of SMPSs. Describe SMPS with a pushpull configuration. 
11.2. Describe flyback SMPS with relevant equivalent circuits and waveforms. Derive the various 
expressions for voltages and currents involved. 
e 11.3.Afl yback SMPS supplies a load of 40A at 5V. The source voltage is 240V de and the transformer 
initial magnetizing current is 0.4 A. The power MOSFET is operating at a frequency of 50 kHz with a 
duty cycle of 0.4. Determine the transformer turns ratio from primary to secondary and its inductance. 
Assume ideal components and no ripple in load voltage. 
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Find also the open-circuit voltage across the semiconductor device. 
[Ans, 32, Z = 0.5714 mH, 400 VJ 
11.4. Describe SMPSs using half-bridge and full-bridge configurations. Enumerate the advantages 
and disadvantages possessed by SMPSs. 


11.5, What is an UPS ? Give its industrial applications. Describe rotating-type, short-break static 
and no-break static UPS configurations. 

Why are nickel-cadmium batteries preferred over lead-acid type batteries in UPSs ? 

11.6. (a) Give the merits and demerits of HVDC transmission system over at transmission system, 

(0) Describe both types of HVDC links with relevant circuits. 

Derive the equivalent circuit of an HVDC system, 

11.7. (a) Two six-pulse converters are used in bipolar HVDC transmission system. The ac systems 
are 3 phase, 11 kV, 50 Hz. The input transformers have a leakage inductance of 8 mH per phase. 
Resistance of each transmission line is 0.8 Q. The inverter marginal angle is 18° and rectifier firing 
angle is 15°. Calculate current in de line, rectifier output voltage and de link voltage. 

(6) An HVDC transmission system, using two six-pulse converters for bipolar transmission, is rated 
at 1000 MW, +250 kV. Determine the rms current and peak reverse voltage ratings for each of the 
thyristor valves. [Ans. (a) 276.07 A, 18684.3 V, 27.968 kV (4) 1633 A, 130.9 kV] 

11.8. (a) What is a static switch ? List the merits of static switches over mechanical switches. 


. (6) The circuit of single-phase ac voltage controller is the same as that used for single-phase ac 
switch. Discuss how these two differ from each other. | 
(c) Describe single-phase ac switches using (i) one triac and (ii) bidirectional switches. Derive 
average and rms values of currents for the semiconductor devices used. 
11.9. (a) Describe single-pole de switches based on (i) a thyristor (ii) a transistor and (if) a GTO, 


(6) A single-phase ac switch, using two thyristors in antiparallel, is inserted between 230 V, 50 Hz 
source and a load of 10 kW at a pf of 0.8 lagging. Determine (i) the voltage and current ratings of 
thyristors and (iz) the firing angles of thyristors. Take a factor of safety of 2. 


lAns. (6) (i) 650.44 V, 76.85 A, 48.924 A (iz) 36.87° and 216.87°) 
11.10 (a) What is a static circuit breaker 7 Describe statis ac as well as static de circuit breakers. 
_ (6) A static de circuit breaker of Fig. 11.20 has input voltage of 220 V dc and load current of 5 A. 
Thyristor Tl has turn-off time of 15 ps and thyristor 2 has holding current of 6 mA. Find the values of 
parameters Ao, C and load resistance. Take a factor of safety of 2.5. 
[Ans. (6) 36.67 k ©, 1.23 pF, 44 Q) 
11.11 (a) What are solid state relays ? How is electrical isolation obtained in these relays ? 
(6) Deseribe de solid state and ac solid state relays with relevant circuit diagrams, 
11.12 (a) What are resonant converters ? Give their advantages over PWM controlled converters. 
(6) Describe M-type ZCS resonant converter with relevant circuits and waveforms. 
11,13. (a) Give the advantages and limitations of ZCS resonant converters. 
(b) Describe L-type ZCS resonant converter with relevant circuits and waveforms, 
11.14. (a) Give the principle of ZVS resonant converter. 
(6) Describe a ZVS resonant converter with appropriate circuits and waveforms. 
11.15. (a) Give the advantages and limitations of ZVS resonant converters. 
(6) What is the difference between L-type and M-type ZCS converters 7 
(ce) Compare ZCS and ZVS converters. 
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Electric Drives 





In this chapter, first the concept of electric drive is given and then dc and ac drives are 
described. The object of this chapter 3 is not to discuss electric drives exhaustively but at an 
introductory level. 


12.1, CONCEPT OF ELECTRIC DRIVE 


In many of the industrial applications, an electric motor is the most important component. 
A complete production unit consists primarily of three basic components; an electric motor, 
an energy-transmitting device and the working (or driven) machine. 

An electric motor is the source of motive power. An energy transmitting device delivers 
power from electric motor to the driven machine (or the load); it usually consists of shaft, 
belt, chain, rope etc. A working machine is the driven machine that performs the required 
production process. Examples of working machines are lathes, centrifugal pumps, drilling 
machines, lifts, conveyer belts, food-mixers etc. An electric motor together with its control 
equipment and energy-transmitting device forms an electric drive (10), An electric drive 
together with its working machine constitutes an electric-drive system (10). A ceiling-fan 
motor with its speed regulator but without blades is an example of electric drive. Other 
examples of electric drives are : a food-mixer without food to be processed, a motor and 
conveyer-belt without any material on its belt. Some examples of electric-drive systems are : 
a ceiling-fan motor with regulator and also with blades, a food-mixer with food to be processed, 
a motor and conveyer-belt with material on its belt and so on. 


Main 


| Power 
Source 





Fig. 12.1. An electric-drive system. 


Fig. 12.1 shows an electric drive system. The electric drive, consisting of electric motor, 
its power controller and energy-transmitting shaft is also indicated in Fig. 12.1. A modern 
electric drive system using a feedback loop is illustrated in Fig. 12.2. In this chapter, electric 
drives controlled through power-electronic converters are only described. 

Electric drives are mainly of two types : de drives and ac drives. The two types differ from 
each other in that the motive power in de and ac drives is provided by de motors and ac 
motors respectively. 
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Rotor position or | 
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Fig. 12.2. Block diagram for a modern electric drive system using power electronic converter. 
12.2. DC DRIVES . 

DC motors are used extensively in adjustable-speed drives and position control 
applications. Their speeds below base speed can be controlled by armature-voltage control. 
Speeds above base speed are obtained by field-flux control. As speed control methods for de 
motors are simpler and less expensive than those for ac motors, de motors are preferred where 
wide- speed control range is required. 

Phase-controlled converters provide an adjustable dc output voltage from a fixed ac input 
voltage. DC choppers also provide dc output voltage from a fixed de input voltage. The use 
of phase-controlled rectifiers and de choppers for the speed control of dc motors have 
revolutionized the modern industrial controlled systems. 

The dc motors used in conjunction with power-electronic converters are de separately 
excited motors or dc series motors. These motors will, therefore, be studied here. Depending 
upon the type of ac source or the method of voltage control, de drives are classified as under: 

1, Single-phase de drives 

2. Three-phase de drives 

3. Chopper drives. 

First the basic operating characteristics of dc motors are presented and then three speed 
control strategies as mentioned above are described. 

12.2.1. Basic Performance Equations of DC Motors 

Equivalent circuit and basic performance equations for a separately-excited de motor and 
a de series motor are presented in what follows. 

(a) Separately-excited de motor. The equivalent circuit for a separately-excited dc 
motor coupled with a load is shown in Fig. 12.3 (a) under steady-state conditions. The load 
torque T, opposes the electromagnetic torque T,. For field cireuit, V,-= J; > r; 


For armature circuit, V,=5+J,r, (12.1) 
Motor back e.m.f. or motor armature e.m.f., 
E, = K,9.0,, = Ky, @,, 
. T=K, oF, =, I, 
Also, T,=Dw,,+ Ty, 
where V, = motor terminal voltage, V 


J, = armature current, A 
K_, = K,, 6 = torque constant, Nm/A or, emf constant, V-sec/rad 


= 
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r, = armature circuit resistance, 0 
©,, = angular speed of motor, rad/sec 
r,;= field circuit resistance, 


| PD = viscous friction constant, Nm-sec/rad. 
Klectromagnetic power, P=, -T, watts 


From Eq. (12.1), E,=K,, Om =V,-1,7. 
ae ve _V, =J, ra Slate rie te ae 


It is seen from Eq. (12.2) that speed can be controlled by varying (1) armature terminal 
voltage V,, known as the armature-voltage control and (ii) the filed flux 6, known as the 
field-flux control. 





(a) (b) 
Fig. 12.3, Equivalent circuit of a (a) separately-excited dc motor and (6) de series motor. 
Base speed is defined as the speed at which motor runs under rated armature voltage, 


rated field current and rated armature current, Speeds below base speed are obtained by 
armature-voltage control, During this control, armature re current and field flux (or field 


Te, P 







Torque, Te 


Speed 


= — ee ee eee 








. ae Somers = mikes “3 Field flux, ¢ 
J sa =. Field current I; 
| TREES 
. we 
Ole = | 
Wy) Base speed 
t speed 
--Constant torque drive —»+.— Constant power ai 
drive 
Fig. 12.4. Characteristics of a separately-excited dc motor. 
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current) are kept constant so as to meet the torque demand. So the armatpre voltage control 
method is also termed as constant-torque drive method because motor torque T,=K, 61, 
remains almost constant. | 

Speeds above base speed are obtained by varying the field current or field flux and by 
keeping V, and J, constant at their rated values. As flux decreases, speed increases so that 
motor e.m.f. E, remains almost constant. Consequently, field-flux control method is also called 
constant-power drive method as power P=E,I, remains substantially constant. The 
variations of Te, P, I,, J;, ¢ and V, against speed are shown in Fig, 12.4 for a separately-excited 
de motor. oe 

(b) DC series motor. For a series motor, field winding in series with the armature circuit 
is designed to carry the rated armature current. Fig. 12.3 (b) gives the equivalent circuit of 
a de series motor driving a load torque T;. 

For the armature circuit in Fig. 12.3 (6), 


V,=£,+1, (7, +7Tp (12.3) 
T.=K, 91, 

For no saturation in the magnetic circuit, 9 = CI, 

" Pek =ki, 

Also E,=K, 60, =K, C I, Oy =F Lg Om 

From Eq. (12.3), V,=kI, @,, +1, (4 +7) 


Viet ih wo, +15, + r.)| 


| V,—1, fa +i) 
or speed, ,, = ——>— 

























" RI. 
a Nd Mot (12.4) 
he beak 
TesP | Power, P 
Torque, Te 
Base speed 
i Speed 
| 7 
Visla,® | Armature terminal voltage,¥, 
| Ig ihe b Gauci Sai aid 
all “Armature currently 

aire ngtine= ae ree, 

f A | ecititas Field flux.¢ 

Oy see 
he £4 
oe a 
c Base speed 
roa | 
Sr. Speed 
.— Constant torque drive —»+-— Constant power ——= 
drive 
Fig. 12.5. Characteristics of a de series motor. i. 
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where r, = series—tield resistance, (2 


k =K,C =a constantin Nm/A’ or in V-s/A, rad. 

For speed control up to base speed, armature terminal voltage V, 1s varied with J, kept con- 
stant. Therefore, P (= V, I,) varies linearly and torque T, = J? remains constant. For speeds 
above base speed, series field flux is decreased by the use of diverter or tapped-field control and 
[is kept constant. Therefore, torque7, =A, oJ, decreases but power P= £,, J, remains substan- 
tially constant. 


Speed control of dc motors, when fed through single-phase or three-phase converters, is now 
studied in what follows. 
12.3. SINGLE-PHASE DC DRIVES 

Fig. 12.6 illustrates the general circuit arrangement for the speed control of a separately-excited 
de motor from a single- phase source. The firing angle 
control of converter 1 regulates the armature voltage 
applied to de motor armature. Thus, the variation of 
delay angle a, of converter 1 gives speed control 
below base speed. The variation of the firing angle a, of 
converter 2 installed in the field circuit gives speeds , 
above base speed. At low values of a, for converter 1, ¢ 
armature current may become discontinuous. The dis- . 
continuous armature current causes (i) more losses in 
the armature and (ii) poor speed regulation. It is usual 
to insert an inductor L in series with the armature cir- 
cuit to reduce the ripple in the armature current and to 
make the armature current continuous for low values 
of motor speeds. Depending upon the type of power- 
electronic converter used in the armature circuit, 
single-phase de drives may be subdivided as under: 





1. Single-phase half-wave converter drives Fig. 12.6. General circuit arrangement 

2. Single-phase semiconverter drives for single-phase de drives. 

3. Single-phase full-converter drives 

4. Single-phase dual converter drives. 

The converter drives listed above are now briefly discussed. In all these types. it is 
assumed that armature current J, is constant. 

12.3.1. Single-phase Half-wave Converter Drives 

A separately-excited de motor, fed through single-phase half-wave converter, is shown in 
Fig. 12.7 (a). Motor field circuit is fed through a single-phase semiconverter in order to reduce 
the ripple content in the field circuit. Single-phase half-wave converter feeding a dc motor 
offers one-quadrant drive, Fig. 12.7 (6). The waveforms for source voltage v,, armature 
terminal voltage v,, armature current 1,, source current 1, and freewheeling diode current 
ty, are sketched in Fig. 12.7 (c). Note that thirstor current 1,=1,. The armature current is 
assumed ripple free. Such types of drives are used up to about ; kW de motors. 

For single-phase half-wave converter, average output voltage of converter, V, = armature 
terminal voltage, V, is given by Eq. (6.1) as 
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ie 
" =Vi sin ot 





(0) 4 (c) 
Fig. 12.7. Single-phase half-wave converter drive 
(a) circuit diagram (5) quadrant diagram and (c) waveforms. 
V, | , | 

V,=V,= v3 (l+cosa,) forO<a,<n we( 12.5) 

where V,, = maximum value of source voltage. 
For single-phase semiconverter in the field circuit, the average output voltage is given 
by Eq. (6.29) as 
V | 
Vp=— (1 + cos Og) for 0 <a, <1 ...(12.6) 


It is seen from the waveforms of Fig. 12.7 (c) that 
rms value of armature current, I,,=1, 
rms value of source or thyristor current, _/ 


(12.7) 





rms value of freewheeling-diode current, 
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i+ a he 
Apparent input power = (rms source voltage) (rms source current) 
f= V; : is 


Power delivered to motor =EJ, +I,’ -r,=(E,+I,r,)1,=V,-1, 
E.l,+1,'t, V,-I 
Input supply pf=——=+—*“-_' 3 ee i 
Viera t eas 


4 
ar 





_ Example 12.1.A separately-excited de motor is supplied from 230 V, 50 Hz source through a 
single-phase half-wave controlled converter. Its field is fed through I-phase semiconverter with 
zero degree firing-angle delay. Motor resistance r, = 0.7 Q and motor constant = 0.5 V-sec/rad. 
for rated load torque of 15 Nm at 1000 rpm and for continuous ripple free currents, determine 

(a) firing-angle delay of the armature converter 

(6) rms value of thyristor and freewheeling diode currents 

(c) input power factor of the armature converter. 

Solution. (a) Motor constant = 0.5 V-sec/rad = 0.5 Nm/A = K. 
But motor torque, T, =K,, I, 


.. Armature current =ae =S0A 
Motor emf, E,= Ky * Op, = 0.5 x oan = §2.36 V 


For 1-phase half-wave converter feeding a dc motor, 


Loe 
V, = (1+ cos a) =£,+I/,1r, 


nt V, = eae (1+ cos o,) = 52.36 + 30x 0.7= 73.36 V 


Thus, firing-angle delay of converter 1 is 65.336° 

(6) Rms value of thyristor current, from Eg. (12.7), is 

180 - 65.336)” 
360 

Rms value of free wheeling-diode current, from Eq. (12.8), is 


| lve 1/2 
_7 (Rta) _ (180+ 65.336 s 


(c) From Eq. (12.9), input power factor of armature converter 


_V,-f, __73.36x30 _ 0.5651 lag 


ma) 
ae 


In, =1,|=~~| =30 = 16.931 A=I,, 


12.3.2. Single-phase Semiconverter Drives 

A separately-excited de motor, fed through two single-phase semiconverters, one for the 
armature circuit and the other for the field circuit, is shown in Fig. 12.8 (a). Both converters 
1 and 2 are connected to the same single-phase source. This converter also offers one-quadrant 
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drive and is used up to about 15 kW dc drives. The waveforms for currents and voltages are 
sketched in Fig. 12.8 (6) on the assumption of ripple free armature current. Load voltage 
waveform for vy =v, is the same as shown in Fig. 6.11 (d). 


| \(Qmycr) 





(6) | ig! 
Fig. 12.8. Single-phase semiconverter drive (a) circuit diagram and (b) waveforms. 


For a single-phase semiconverter, average output voltage, from Eq. (6.29), is given by 





Vo= Via (1+ cos a) ..(12.10 a) 
For field circuit, Vr= vs (1 + cos Gy) ..(12.10 5) 
It is seen from the waveforms in Fig. sport that 
rms value of source current, I,,=J, i “| ..(12.11) 
2 
rms value of freewheeling-diode current, J;,, =, ey A 12.12) 


- 
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ve 
rms value of thyristor current, I,, =I, | ..(12,13) 
V, +1 
Input pf =e 
as “re 


A single-phase semiconverter is also called single-phase half- controlled bridge converter. 

Example 12.2. A separately-excited dc motor, operating from_a single-phase 
half-controlled bridge at a speed of 1400 rpm, has an input voltage of 330 sin 314t and a back 
emf 80 V. The SCRs are fired symmetrically at 0 =30° in every half cycle and the armature 
has a resistance of 4 Q. Calculate the average armature current and the motor torque. 


Solution. For a single-phase semiconverter feeding a separately- excited motor, 
V 
Yo=V=— (1 +cos @)=E£,+1,9r, 


== (1 + cos 30°) = =80+/,-4 


196.01=80+I, +4 


.. Average armature current, 


], = 607-80 _ 29.003 A 
Motor emf, "E, = K,, ©, =K» xa 
or Kk = oe = 0.546 V-s/rad or 0.546 Nm/A. 
.. Motor torque, T,,=4K,, [, = 0.546 x 29.003 = 15.836 Nm. 


Example 12.3. The speed of a 15 hp, 220 V, 1000 rpm dc series motor is controlled using 
a 1-phase half-controlled bridge converter. The combined armature and field resistance is 0.2 — 
(2. Seer continuous and ripple free motor current and speed of 1000 rmp and k = 0.03 


Nm/amp*, determine (a) motor current (b) motor torque for a firing angle a= 30°. AC voltage 
is 250 V. Derive any formula used. (LAS., 1991) 


Solution. 
Refer to Fig. 12.3 (6) for a de series motor and Fig. 12.8 for a single-phase semiconverter. 
From Eq. (12.3) for a de series motor, 
V,=£,+1, (r,+T,) 
Motor torque, T,=K, o/,. For no saturation, 6 =CI, 
. T,=K, CI," =k1,” 
where & is a constant in Nm/ amp’. 
Also F,=K, 40, =K, CI, 0, =k 1, 0, 


Constant & in the expressions for T, and E,, is the same. 


(a) From above, V,=Vo=£,+1,(r.+r,) 
V.. 
or V,= Vo=— (1+cos a)=E, +1, (7, +7,) =A, w,, +1, (To +P) 
1250 6 on 30% = = 0.03 I, x 2X 1000 |. 97, 


60 
209.97 = 3.3416 I, 
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209.97 eh 
‘- Motor armature current, J, = 3.3416 =6§2.84A 
(b) Motor torque, T, =k I,” = 0.03 (62.84)" = 118.466 Nm. 
12.3.3. Single-phase Full Converter Drives a 


Two full converters, one feeding the armature circuit and other feeding the field circait ofa 
separately-excited de motor, are shown in Fig. 12.9 (a). This scheme offers two-quadrant drive, 
Fig. 12.9 (6) and its use is limited to about 15 kW. For regenerative braking of the motor, the 
power must flow from motor to the ac source and this is feasible only if motor counter emf is 
reversed because then e,i, would be negative. Note that direction of current cannot be reversed 
as SCRs are unidirectional devices. So, for regenerative breaking, the polarity of e, must be 
reversed which is possible by reversing the direction of motor field current by making delay angle 
of full converter 2 more than 90°. In order that current in field winding can be reversed, the field 
winding must be Scorer through single-phase full converter as in Fig. 12.9 (a). 





Fig. 12.9. Single-phase full converter drive 
(2) circuit diagram (b) two-quadrant diagram and (c) waveforms. 
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Be GFR Oh 5 he 2V in | 
For the armature converter 1, V,=V,= — £08 Oy forO<a,<n ..(12.14 a) 
, . _ 2Y, | 
For the field converter 2, V;= aE cosa, for0<a,<n (12.14 b) 
From the waveforms in Fig. 12.9 (c), it is seen that 
rms value of source current, FA= NSS EB =f. 
Ciel, 
rms value of thyristor current, JI,.= a | = 5 (12.15) 
a Oo. : | V, 1, 2Vin [NZ 
From Eq. (12.9), input supply pf= Vit COS Ot - VT 
= 22 cos Oy (12.16) 


It is seen from Eq. (12.16) that input pf depends on the firing angle o, only under the 
assumptions of constant armature current. 

Example 12.4. A separately-excited de motor drives a rated load torque of 85 Nm at 1200 
rpm. The field circuit resistance is 200 Q and armature circuit resistance is 0.2 Q. The field 
winding, connected to 1-phase, 400 V source, is fed through I-phase full converter with zero 
degree firing angle. The armature circuit is also fed through another full converter from the 
same I-phase, 400 V source. With magnetic saturation neglected, the motor constant is 0.8 
V-sec/A-rad. For ripple free armature and field currents, determine 

(a) rated armature current 

(6) fertng-angle delay of armature converter at rated load 

(c) speed regulation at full load 

(d) input pf of the armature converter and the drive at rated load. 

Solution. (a) For field converter, firing-angle delay = 0° 


rH 2V * 
. Field voltage, V-= —= 242 x 400 =360V © 


eae V; 360 
Field current, I= a = 500 718A 
With magnetic saturation neglected, 
E,=K, 60, =K, Ky I;- O, =K I; Op 
where K has the units of V-sec/A-rad. 


Similarly, Te=K,01,=K, K,1;-1,=KI;-I, 
5 85=0.8x 181, 
a 
Rated armature current, J, = 08x18 09.03 A 
cate DV: | 

(b) Here = V,= Vo=—— cos = Ba +1arg= KI On + Lea 

or Des = 2A cos @, =0.8x 1.8 x enka) aan + 59.03 x 0.2 
= 180.96 + 11.81=192.77V 

Or Mm, = 57.63° 
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(c) At the same firing angle of 57.63°, motor emf at no load, 
E. = V.= Vo= 192.77 V=K Ino 
E 9 

.. No load speed, 0,,5==>-> = Sl 133.87 rad/sec 
or N= 1278.35 rmp 

Speed regulation at full load 
_ No load speed—full-load speed 
7 full-load speed 

1278.35 — 1200 | a 

- 7500 } 100 = 6.53%. 


(d) Input pf of the armature converter 





~V, Ter 400% 59,03 ~ 94829 U88: 
Also, from Eq. (12.16), input pf of the armature converter 


= = v2 cos , = se cos 57.63° = 0.4819 lag 





Rms value of current in armature converter, 
I, =1,= 59.03 A 
Rms value of current in field circuit, 
Total rms current taken from the source, 
I,, = VI, + 1,7 = 59.03" + 1.8° = 59.06 A 





Input VA =V, «I,,= 400 x 59.06 
With no loss in the converters, total power input to motor and field 
=V,-1q+ Ve: Ip 


= 192.77 x 59.03 + 360 x 1.8 = 12027.2 watts 
PowerinputinW  12027.2 _ 
~ InputinVA 400 59.06 — O;S OR Tae: 

Example 12.5. In Example 12.4, the polarity of the counter emf is reversed by reversing 
the field excitation to its maximum value. Calculate (a) delay angle of the field converter (b) 
delay angle of the armature converter at 1200 rpm to maintain the armature current constant 
at 50 A and (c) the power fed back to the supply during regenerative braking of the motor. 


Solution. (a) The field voltage is reversed to its maximum value of 360 V. 





Input pf of the drive 


2V in Ae 
Vr= = cos G, =— 360 V 
or OM = 180° 
(b) With field current reversed, motor emf E, is also reversed. 
Vo=V,=-£,7+1,% 
2V 2 ot | 
— C08 Oy = — 180.96 + 50 x 0.1=- 175.96 V 


_ Werf =annsisor ea sea 
or O, = cos es = 119.254 
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(c) Power fed back to the ac supply 
=u 
= 175.96 x 50 = 8798 watts 
Example 12.6. A 220 V, 1500 rpm, 10 A separately-excited de motor has an armature 
resistance of 1 ohm. It is fed from a single-phase fully-controlled bridge rectifier with an ac 
source voltage of 230 V, 50 Hz. Assuming continuous load current, compute 
(a) motor speed at the firing angle of 30° and torque of 5 Nm | 
(b) developed torque at the firing angle of 45° and speed of 1000 rpm. (GATE, 1996) 
Solution. Under rated operating conditions of the separately- excited de motor, 
V,=E, +17 a=Km Om te Ta 
or 220 = K,, - 2E* 290° 10x 1=50--Ky+ 10 
,. Motor constant, _K,, = = —*° = 1.387 V-s/rad or 1.337 Nm/A. 
(a) For a torque of 5 Nm, motor armature current, 
ee 
Ja TESST eee 
The equation giving the operation of converter-motor is 
Vo= V,=E£, +I, i 


OV. : 
—— cos 0 = K, ‘On, +1, 7 


22 x 280 cos 30° = 1.337 w,, +3.74x 1 


m=" 1 337 
an -N _ 131,31 rad/sec 


60 
Motor speed = Lex 


or = 131.31 rad/sec 





or 


= 1253.92 rpm 


(b) For a = 45°, 
2N2 x 230 cos 45° = 1.337 x aoe +I,x1 
146.4=140.01+J, x1 
or | 1, = 9? = 6.39 A 
Motor developed torque, T,=K,, I, = 1.337 x 6.39 =8.543 Nm 

Examole 12.7. A 220V, 1000 rpm, 60A separately-excited de motor has an armature 
resistance of 0.1 Q. It is fed from a single-phase full converter with an ac source voltage of 
230V, 50Hz. Assuming continuous conduction, compute 

(a) firing angle for rated motor torque at 600 rpm 

(6) firing angle for rated motor torque at (-500) rpm 

(c) motor speed for a= 150° and half rated-torque. 

Solution. Under rated operating conditions of the motor, 


V,=E,+1,%o=Kp mt lala 
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or 290 =K 2X 1000 | en 04 
60 
, _|_ 220-6 | te | | 
= & 2 oe x 60 = 2.044 V-s/rad or 2.044 Nm’ A. 


2) For rated motor torque, armature current = 60 A 
Vo =V,=4,, @,, +1, rq 
2N2 X 230 oo. a2 o44 2EX600 , x 0.1 = 134.43 V 
= cEek! 134.43 x 1 
as IV2 x 230 





|- 49,512° 
(b) At (-500) rpm, 
2v2 x 280 cos a = 2.044 == mak +60x0.1 
= — 107.024+6=- 101.024 V 
«oe [101.024 X 8) we nanis 
Oo = cos 2 V2 x 230 |- 119.274 


(c) At half-rated torque, motor armature current 
= 3 x rated current = 3 x 60=30A 


ag ae cos (150°) =2.044x@, +30 0.1 
-179.30=2,.0440,,+3 
— 182.3° | | 
Om =o 9g4 89.188 rad/sec 
. Speed, N=- eee — 851.683 rpm. 


12.3.4. Single-phase Dual Converter Drives 

A single-phase dual converter, obtained by connecting two full-converters in anti-parallel, 
is shown feeding a separately- excited de motor in Fig. 12.10 (a). Its use is limited to about 
15 kW de drives. It offers four-quadrant operation, Fig. 12.10 (6). For working in first and 


Reverse Forward 
Reg. braking; = motoring 





Reverse | Forward 
motoring | Reg. braking 


-\/ i 





(a) (b) 
Fig. 12.10 (a) Single-phase dual converter feeding a separately-excited de motor 
(6) four-quadrant diagram. 
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fourth quadrants, converter 1 is in operation. For operation in second and third quadrants, 
converter 2 is energised. Four-quadrant operation demands that field winding of the motor 
is energised from a single-phase, or three-phase, full converter. 


2V,, 
For converter 1 in operation, V,= —— cos &, forO< a, sm 


2V, 
For converter 2 in operation, V, ee cosa, forO so, Sn 


where O,+0,=T 
| tl Be | 
For field converter, Vrp= 008 Og for0so0,6n 


Note that in Fig. 12.10, 
(:) Converter 1 with o, < 90° operates the motor in forward motoring mode in quadrant 1. 
(if) Converter 1 with a, > 90° and with field excitation reversed operates the motor in 
forward regenerative braking mode in quadrant 4. 
(tii) Converter 2 with a, < 90° operates the motor in reverse motoring mode in quadrant 3. 
(tv) Converter 2 with a, > 90° and with field excitation reversed operates the motor in 
reverse regenerative braking mode in quadrant 2. 
12.4. THREE-PHASE DC DRIVES 
Large de motor drives are always fed through three-phase converters for their speed 
control. A three-phase controlled converter feeds power to the armature circuit for obtaining 
speeds below base speed. Another three-phase controllea converter is inserted in the field 
circuit for getting speeds above base speed. 
The output frequency of three-phase converters is higher than those of single-phase 
converters. Therefore, for reducing the armature current ripple, the inductance required in 
a three-phase dc drive is of lower value than that in a single-phase dc drive. As the armature 


current is mostly continuous, the motor performance | in 3-phase de drives is superior to those 
in single-phase dc drives. 


The three-phase dc drives, as in single-phase dc drives, may be subdivided as under : 

1. Three-phase half-wave converter drives 

2. Three-phase semiconverter drives 

3. Three-phase full-converter drives 

4. Three-phase dual-converter drives 

These converter controlled dc drives are now described one after the other. Armature 
current is assumed ripple free for convenience. 

12.4.1. Three-phase half-wave converter drives. 

Fig. 12.11 (a) illustrates a 3-phase half-wave converter drive consisting of two converters and 
a separately-excited dc motor. The armature circuit of the motor is fed through a 3-phase half- 
wave converter whereas its field is energised through a 3-phase semiconverter. This converter 
offers one-quadrant operation Fig. 12.11 (b) and may be used up to about 40 kW motor ratings. 
Two-quadrant operation can also be obtained from three-phase half-wave converter drive incase 
motor field winding is energised from single-phase or three-phase full converter. 

For a 3-phase half-wave converter, average value of output voltage or armature terminal | 
voltage, from Example 6.10, 1s 


av 
V,=V;= = cos o, for O<a<n (12:17) 








Downloaded From : www.EasyE nee net 


© Wiki Engineering l.org 


— ae rs — a = 


Downloaded From : www.EasyEngineering.net ‘ 


Electric Drives | [Art, 12.4] A475 

















wt 


tof be -T] ere T2 13 ap — 


I 
i I t 
i 
q 


i 

I 

| 

l 

Lt I 

i | i 
; i 

| 

i 

i 





I 

_ 

{ aot 
i 

I 

i 


i a 
(by (c) 
Fig. 12.11. Three-phase half-wave converter drive 
(a) circuit diagram (6) quadrant diagram (c) waveforms. 
where V,,, = maximum value of line voltage and a, is the firing angle for converter 1. The 
voltage expression of Eq. (12.17) is valid only for continuous armature current. For three- 
phase semiconverter, the ereEnee value of field voltage, from Eq. (6.39), is given by 


Yes = See +cos a) forO<sasn ...(12.18) 


A three-phase half-wave Bee drive is not normally used in industrial applications 
as it introduces de component in the ac supply line. 

It is seen from the waveforms of Fig. 12.11 (c) that 
rms value of armature current, J,.=J, 


rms value of phase or line current, 


| 3 .+(12,19) 
average thyristor current, I, =I, =a, ...(12.20) 
rms thyristor current, .(12.19) 





12.4.2. Three-phase Semiconverter Drives 
The circuit diagram for a 3-phase semiconverter feeding a separately-excited dc motor is 
shown in Fig. 12.12. The field winding of the motor is also connected to three-phase 
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Each SCR conducts 
for 170 for a< 60° 






| 
| 






fe 90%.) Each SCR conducts 
for MB0=) for e>60" 


Fig. 12.13. Voltage and current waveforms for a 
three-phase semiconverter drive of Fig. 12.12. 
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semiconverter. This drive offers one quadrant operation and is used up to about 115 kW 
ratings. 

On the assumption of continuous and ripple free armature current, waveforms for line 
current i, and thyristor current ip, are sketched in Fig. 12.13 for firing angle a, = 30° and 
also for oa, = 90°. An examination of these waveforms would reveal that 

(i) for firing angle o, < 60°, each thyristor conducts for 120° and 
(it) for 60° < a, < 180°, each thyristor conducts for (180° — a). 

As armature current is ripple free, rms value of armature current, /J,,=J,. It is also seen 

from Fig. 12.13 as under : 


For a, < 60°, rms value of supply line current, t, is given by, 





T= Wl 


er a 
, [2 | 
= ea al L221) 
I, 3 


and rms value of thyristor current 17, is given by 


1/2 | 
292m 1 | 7 1 
In, -\123 ? 4 =I, V 3 ..A1Z.22) 


For 60° < @ < 180°, rms value of supply line current i, is given by 








.qL/2 
180 —a, | et 
. 9 1 _~ 2) 
1=|l | =I. 7.12.23) 
and rms value of thyristor current i, is given by 
1/2 
180 -a, | 
Seo .( 12,24) 
trp rf 360 | 
| ae | eo 
From above, it is obvious that average thyristor current is 3 I, for a,<60° and 
180 - a, | Pe 
360 ai for 60° < a, < 180°. 
2 ee. 
For converter 1, Vo=V,= oq (b+ c08 Oy) for0 <a, <1 .(12.25 a) 
, 3V ni ey. 
For converter 2, Vr= GZ, (2 + C08 Ot) for O< <7 ..(12.25 6) 


Example 12.8. The speed of a separately-excited dc motor is controlled by means of a 
3-phase semiconverter from a 3-phase, 415V, 50 Hz supply. The motor constants are : 
inductance 10 mH, resistance 0.9 ohm and armature constant 1.5 V/rad/s (Nm/A). Calculate 
the speed of this motor at a torque of 50 Nm when the converter is fired at 45°. Neglect losses 
in the converter. 


Solution. Armature constant, K,, = 1.5 V/rad/s or 1.5 Nm/A. 


Motor torque, T.=K,, 1, =50 Nm 
: 50 _ 100 


.. Motor armature current, J, = raisea + 
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The equation for the converter-motor combination is 











3V__ 
= Ba tela = Km Om tle Te 
es, (1+ cos 45°)=15xq@, +a x09 
478.3 = 1.5 @,, + 30 
= le <16.3 = 90 298.867 rad/s 
a aT = Wp = 298,867 rad/s 
+. Motor speed, N= ae 2853.97 rpm 


Example 12.9. A 600V, 1500 rpm, 80A separately-excited de motor is fed through a 
three-phase semiconverter from 3-phase 400V supply. Motor armature resistance ts 1Q. 
Armature current ts assumed constant. 

(a) For a firing angle of 45° at 1200 rpm, compute the rms values of source and thyristor 
currents, average vaiue of thyristor current and the input supply power factor. 

(5) Repeat part (a) for a firing angle of 90° at 700 rpm. 

Solution. Under rated operating conditions, 

V,=2£,4140%— = Km Gm +1," 2 





) 2n x 1500 ) 

 =600=K, - 60 +80x1 
, | a 520 x 60 ) Ms 

or Motor constant K,, =O 15007 = 3.31 V-s/rad (or Nm/ <A). 
(a) For the converter-motor combination, 
3V at | 
Ve> a + cos o,) =F, +1, 7g = Km Om + le Vo 
3 V2 x 400 3 In x 1200 
On (1+ cos 45°) = 3.31 x ~~ +1I,%1 


461.01 = 415.95 +I, 
.. Armature current, T, = 45.06 A 


From Eq. (12.21), rms value of source current, 


ar \\2 = 45.06 | = = 36.791 A 


From Eq. (12.22), rms value of thyristor current, 
=f Va = 45-06 = 26.015 A 
Average value of thyristor current 


— . VI, 461.01x 45.06 _ ro 
Input supply power factor = VS v.1. 7 V3 x 400 36.791 > 0.815 lag 


a ar 
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(b) V, = 992x400 1 + 0s 90°) = 3.31 x =< 47, «1 
270.05 = 242.64 + J, 
., Armature current, [,= 27.414 


| | 2 
Rms value of source current, J,,=27.41- V — 22.00 A 


Rms value of thyristor current, I, = 27.41 we =15.825A 


Average value of thyristor current = are =S1S7TA . 
_ 270.05 x 27.41 
~ V8 x 400 x 22.38 

12.4.3. Three-phase Full-converter Drives 

The circuit diagram, consisting of one three-phase full converter in the armature circuit 
and another 3-phase (or 1-phase) full converter in the field circuit, is as shown in Fig. 12.14. 
It offers two-quadrant drive and is used up to about 1500 kW drives. For regenerative 
purposes, the polarity of counter emf is reversed by reversing the field excitation by making 
the firing-angle delay of converter 2 more than 90°. 


Input supply power factor = 0.4774 lag. 






1 
Fig. 12.14. Three-phase full converters feeding a separately-excited de motor. 


For converter 1 in the armature circuit, the average output voltage, from Eq. (6.38), is 
given by 





aV, | 
Vo=V;= = cos a@, for O£0,=n ...(12.26 a) 


For converter 2 in the field cireuit, 





3V, i 
v= = cos @, for 0S0,=57 . (12.26 6) 


where V,,; = maximum value of line voltage. 


Voltage and current waveforms for o. = 30° and for constant armature current are sketched 
in Fig. 12.15. It is seen from this figure that each thyristor conducts for 120° for contanuous 


armature current. This gives 
[5 
“\ Fes L227) 
a 


rms value ot armature current, i= = I, 
D ] ing. 
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Fig. 12.15, Voltage and current waveforms for firing angle of 30° 
for a three-phase full-converter drive of Fig. 12.14. 


|12. on yt =) V3 (12,28) 


onl PI 


average value of thyristor current, Ip, =I, - 3 or 5 ie 12,29) 


It may be observed in Fig. 12.15 that source current i, is positive when first subscript 
with voltage is a, as 1n v,,, U,,. Similarly, source current i, is negative when second subscript 
is a, just as it is in U,,, UV... On this basis, source current waveforms for phases B and C can 
also be sketched. 

Example 12.10. A 100 kW, 500 V, 2000 rpm separately-excited dc motor is energised from 
400 V, 50 Hz, 3-phase source through a 3- phase full converter. The voltage drop in conducting 
thyristors ts 2V. The de motor parameters are as under : 

r,=0.10, K,, =1.6 V-s/rad, L,=8 mH. 

Rated armature current = 210 A. No-load armature current = 10% of rated current. 
Armature current ts continuous and ripple free. 

(a) Find the no-load speed at firing angle of 30°. 

(6) Find the firing angle for a speed of 2000 rpm at rated armature current. Determine 
also the supply power factor. 

(c) Find the speed regulation for the firing angle obtained in part (6). 

Solution. (a) The motor terminal voltage, 

vere av2 x 400 cos 30° = 467.75 V 

Also V,=E£,+1,r,+ 2 
or 467.75=K,, o,, + 21x 0.142 
467.75 —4.1 

1.6 





.. No-load motor speed = rad/sec or 2767.2 rpm. 
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(b) At rated armature current and at 2000 rpm, 
Vj =V,=KE, ‘O, t1a%ot2 
Bn x 2000 +210 x 0,1+2= 358.1 V 
4] SOB.LXT | yo aro 
oe ore rE 2 x se ren 


Rms value of source current, from Eq. (12.27) is 


Par 2 = 210°) = 17146 A 
| | fae! 358.10 x 210 
is SUPPAD PE = V.-I, V8 x 400 171.46 
(c) At rated load, speed is 2000 rpm, armature terminal voltage V,=358.1 V and firing 
angle is 48.47°. At this firing angle, if rated load is reduced to zero, then 
V>= V,=358.1=K,,:@,+ 21x 0.1+ 2 
_ 358.1-41 


3/2 x 400 


or cos a= 1.6 


= 0.633 lag 





or one te rad/se¢‘or 2112.8 rpm 
”. Speed regulation = zee x 100 = 5.64% 


Example 12.11. .A 230V, 1500 rpm, 20 A separately-excited de motor ts fed from 3-phase 
full converter, Motor armature resistance is 0.6 Q. Full converter is connected to 400 V, 50 Hz 
source through a delta-star transformer. Motor terminal voltage ts rated when converter firing 
angle is zero. 

(a) Calculate the transformer phase turns-ratio from primary to secondary. | | 

(b) Calculate the firing angle delay of the converter when (i) the motor ts running at 1000 
rpm at rated torque and (ti) the motor ts running at (— 900) rom and at half the rated torque. 

Solution. (a) For zero degree firing angle, motor terminal voltage is rated i.e. 230 V. 
Therefore, 

3V2 V, | 
—— cos 0° =V,=230V 
yy, - 230xm 
% 1 3ve x1 
Here V, is the line voltage. Per-phase voltage on transformer star side is 
-- 170.34 FF 
Vor = “alae 98.35 V 
Per-phase voltage input to transformer delta = 400 V 
-. Transformer phase turns ratio from primary to secondary 
400 _ 
= on on > 4.067. 
(b) (i) At 1500rpm, £,=V,-I,7r,= 230-20 0.6=218 V 


At 1000 rpm, motor emf = as x 1000 = 145.33 V 


=170.34V 


For this motor emf, armature terminal voltage at rated torque is | 
V,=E, +1, rq = 145.33 + 20 x 0.6 = 157.33 V 
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} cere 
But = cos @= V,=V, = 157.33 V 


é _1| 157.383xx en as 8 
or Q=cos 5 5 Toga |= 4084 


(ii) At half the rated torque, armature current J, =< x rated current 





ss xZ0=10A 
2 
8V2x17034 $900 ... | uv As 
= cosaq=— 1500 ~218+10x0.6=-124.8V 
, = —-124.8x* 1 a | 
r o=cos ; 3 x eel 122.861 


Example 12.12. A 230 V, 10 kW, 1000 rpm separately-excited dc motor has its armature 
resistance of 0.3 Q and field resistance of 300 Q. The speed of this motor is controlled by two 
3-phase full converters, one in the armature circuit and the other in the field circuit and both 
are fed from 400 V, 500 Hz source. The motor constant is 1.1 V-s/A.rad. Armature and field 
currents are ripple free. 

(a) With field converter setting to maximum field current, calculate firing angle for the 
armature converter for loadl torque of 60 Nm at rated speed. | 

(6) With the load torque as in part (a) and zero degree firing angle for armature converter, 
speed is to be raised to 3000 rpm. Determine the firing angle of the field converter. 


Solution. (a) For maximum field current, firing angle of field converter is zero. Therefore, 








field voltage, 
Vij emtt BN2 2400 ergy 
rl Yor 
ene . , 040.1 | 
Field 1 =————=18; 
eld current, | I; 300 L8&A 
Motor emf, bE, =K, 60, 
With no saturation, >=Kl, “ #,=K, KI, ,, =kI;- w,, 
where & is a constant in V-s/A-rad | 
Motor torque, T,=K,91,=K, Kl, 1,=kI,- 1, 
or 60=1.1x18xI, 
“. M IT | = Mie - . 
otor current, I, Ceti 30.30 A 
For the motor converter, 
3V ni | 
V,=V,= a cos 0) =£, +1, rg=h Ip: Op, +1, Po 
3V2 x 400 | 2n x 101 
seen cos o,=1.1x* 18x me LODO + 30.30 x 0.3 = 216.435 V 


1 6C 


., Firing angle of armature converter, 


; = cos | yee r 
= 3 


BY x 400 |= 6375 
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(b) With zero degree firing angle of the armature converter, 


BV2 x 409 045 0° = 1.1 xI-x 222 + 30.3003 
ja 60 
540.1-9.09 | 
_ 540.1-9.09 _ 4 53664 
or I; 345.58 1.5366 


”. Field voltage, V-=1,- 1 ¢= 1.5366 x 300 = COS Oy 


3V2 x 400 
=z 
.. Firing angle of field converter, 
y= con 80034 598854) 406 

Example 12.13. In a speed controlled de drive, the load torque is 40 Nm. At time t = 0, the 
operation is under steady state and the speed is 500 rpm. Under this condition at iS 0+, the generated 
torque is instantly increased to 100 Nm. The inertia of the drive ts 0.01 Nm.- sec* /rad. The friction 
is negiible. 

(a) Write down the differential equation governing the speed of the drive for t > 0. 


(b) Evaluate the time taken for the speed to reach 1000 rpm. (GATE, 1998] 
Solution. (a) At ¢=0, steady state exists and therefore, generated torque, 7, = T,, load 
torque 


In general, the dynamic equation for the motor-load combination is generated (or motor) 
torque = inertia torque + friction torque + load torque 
, dW,  , | 
or T,=d ro + Dw,, + Ty 
As friction torque is zero, Dw,,=0. This gives the differential equation, governing the 
speed of the drive at ¢> 0, as 
do 
T, = el ae + T, 
9.08 em @ 
190 = 0.01 aS 40 
} xy eee. By 
(b) From Eg. (2), dt - 0.01 = 6000 


or adi =———— 


== 6 it) 
= 6000 Om +4 


Initial speed at t= 0+ remains 500 rpm. Therefore 
_ 2nx 500 _ 1007 


mo = 69 —, _ rad/sec 


| hs 1 _ 1007 | eu 
From Eq. (it), 0=so00 ~ 600 chdeaeg OF BE ae 
penne oS 
6000 360 
_ 2nx 1000 _ 2007 


Final speed == ee rad/sec 


Its integration gives, f 
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200 afin, ¢ 
t= B000x6 360 > an — sec = 0.0875 sec 


«. Time taken for the speed to reach 1000 rpm = 0.0873 sec. 

Example 12.14. A de motor driven from a 
fully-controlled 3-phase converter shown tn Fig. 
12.16 draws a dc current of 100 A with negligible 
ripple. 

(a) Sketch the ac line current i, for one cycle. 

(b) Determine the 3rd and 5th harmonic 
components of the line current as a percentage of 
the fundamental current. [GATE, 1998) 

Solution. (a) The ac line current i, for one 
cycle is sketched in Fig. 12.15 for a firing angle 
« under the assumption of negligible ripple in the 
armature current J, = 100 A. 





Fig. 12.16. Pertaining to Example 12.14. 


(b) The line current i, shown in Fig. 12.15 can be expressed in Fourier series as 


L. 1 lan =D oe 008g sit (a not) 
ro n=l, 3d, + 


Rims value of the nth harmonic line current is given by 





4, ng _2V2-1, V2 «I, “cog LE 
In 2 -nnz oe 6. 6 Ah 6 
Rms value of fundamental current, 
92 I | 
sl = cos 30° = NB. 
it 


Rms value of third-harmonic current, 
2V2 I, ; 
een cos 90° =0 


Rms value of fifth-harmonic current, 


2V2 I, V6 
5? =-—-— | 
Ba 608 150 Bn i 
From above, third harmonic current as a percentage of fundamental current = 0% and 
fifth harmonic current as a percentage of fundamental current 
ec. i 
— =35 \= = — 90%. 
x 100 =—-—___ x or x 100 20 


sl 





I 5 =- 


Example 12.15. A de motor driven a a 3-phase full converter shown in Fig. 12.17 
draws a dc line current of 60 A with negligible ripple. 

(a) Sketch the line voltage v,,, taking it zero-crossing and becoming positive at wt = 0. Also, 
sketch the line current i, for one cycle for «= 150°. Indicate also the conduction of devices. 
Thyristor current ip should also be sketched. | 

(b) Calculate average and rms values of thyristor current. 

(c) Compute power factor at the ac source. 
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(d) If motor constant is 2.4 V-sec/rad and armature circuit resistance ts 0.5 Q, calculate 


the motor speed. 

Solution. (a) Note that for line 
voltages U.3; Vacs Uber Usg @te. and with v,, 
as shown in Fig. 12.18, firing angle o for 
thyristor Tl must be measured from 


ot = ny Accordingly, a= 150° is measured , 


3 
from the instant wf = 7/3 in Fig. 12.18. 

Motor current J,=60 A is shown 
constant in Fig, 12.18. At @=150°, T1 is 
turned on. So voltage vu,, will send 
constant current J, through T1, T6. 
Thyristor T1 will conduct for 120°; for the 
first 60°, T1, T6 conduct together. For the 
next 60°; TI, T2 conduct together as 





Fig. 12.17. Three-phase full converter feeding a 
dc motor, Example 12.15. 


shown in Fig. 12.18. Voltage v,,, will cause T3, T4 to conduct for 60° and u,, will force T5, T4 
to conduct for the next 60° as shown. Note that voltages v,,, U,, Will cause line current i, to 
be negative whereas for v,,, U,-, line current i, is positive. Thyristor current ty through Tl 


will flow only when t, is positive. 


pe 120° ——4 


TW 


ate. wie TAS qn TiTé ua 


| = 
if 70" 





: 





Fig. 12.18. Waveforms for Example 12.15. 


(b) Average thyristor current, I7p4=, == =20A4 


Bs 
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Rms thyristor current, I, = - 2-90 OO = 34.642 A 


(c) Rms value of source current, 


oe “ = = 601 /2 A 


Power delivered to motor = V, - I, 
V,- I, 


Power factor at ac source = 70 T 
| ee ear 





oil NOM co tun pel edence 1° 
Wh older whe al Oe reve 
== cos 150 = — 0.827. 


Minus alan for the power factor merely indicates the system to be in the inversion mode. 


(d) Vo = V, = S02 x 400 9g 150° = =K, w,+60x0.5 
On = Sy — 207.39 rad/sec or -— 1980.43 rpm. 


The motor is in the regenerative braking mode with emf E, reversed from its motoring 
mode polarity. 

12.4.4. Three-phase Dual Converter Drives 

The schematic diagram for a 3-phase dual converter de drive is shown in Fig. 12.19. 
Converter 1 allows motor control in I and IV quadrants whereas with converter 2, the 
operation in IT and III quadrants is obtained. The applications of dual converter are limited 
to about 2 MW-drives. For reversing the polarity of motor generated emf for regeneration 
purposes, field circuit must be energised from single-phase or three-phase full converter. 


When converter 1, or 2, is in operation, average output voltage is 





3V ! as 
Vo=Vi= = cosa, forOsoa,sn ...(12.30) 









) 1 phase or 
3 phase f.c. 





Fig. 12.19. Three-phase dual converter controlled separately-excited dc motor. 
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With a 3-phase full converter in the field circuit, 
Ve= aa COS Ol forOso,st (12,31) 


In case circulating current-type dual converter of Fig. 6.39 is used, then as per Eq. (6.53), 
Ql, + & = 180° 
12.5. CHOPPER DRIVES 

When variable de voltage is to be obtained from fixed de voltage, de chopper is the ideal 
choice. Use of chopper in traction systems is now accepted all over the world. A chopper is 
inserted in between a fixed voltage de source and the de motor armature for its speed control 
below base speed. In addition, chopper is easily adaptable for regenerative braking of de 
motors and thus kinetic energy of the drive can be returned to the de source. This results in 
overall energy saving which is the most welcome feature in transportation systems requiring 
frequent stops, as for example in rapid transit systems. Chopper drives are also used in 
battery-operated vehicles where energy saving is of prime importance, 

Though choppers can be used for dynamic braking and for combined regenerative and 
dynamic control of de drives, only the following two control modes are described in what 
follows. 

1. Power control or motoring control. 

2; Regenerative-braking control. 

Both the chopper control methods are now described. In addition, two-quadrant and 
four-quadrant chopper drives are also described. 

12.5.1. Power Control or Motoring Control 

Fig. 12.20 (a) shows the basic arrangement of a dc chopper feeding power to a de series 
motor, The chopper is shown to consist of a force-commutated thyristor, it could equally well 
be a transistor switch. It offers one-quadrant drive, Fig. 12.20 (6). Armature current is 
assumed continuous and ripple free. The waveforms for the source voltage V,, armature 
terminal voltage v,=vp, armature current i,, dc source current i, and freewheeling-diode 
current i,, are sketched in Fig. 12.20 (c). From these waveforms, the following relations can 
be obtained : 


| T, . F 
Average motor voltage, V,=V,= ar ‘Vi =aV,=fT..° Vs (12,32) 
Ty. 
where a= duty cycle = 7 
and f=chopping frequency = & 


Power delivered to motor = (Average motor voltage) (average motor current) 
=V,-I,=a-V,-I, 


Average source current = ap fa = a+, 
Input power to chopper =(average input voltage) (average source current) 
. =V,- al, 


For the motor armature circuit, | 
V,=aV,=E, +1, (a+) = K_* Gm tly a + Ts) 
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ke . Vs] 


ee 








-Vit 


ib) ic) 


Fig. 12.20 D.C. Chopper for series motor drive (a) circuit diagram 
(6) quadrant diagram and (c) waveforms. 


Vs aVv.-l.(r,+1r,) > 
a 


FFL 


or 0)... ...(12.33) 


It is seen from Eq, (12.33) that by varying the 
duty cycle a of the chopper, armature terminal : 
voltage can be controlled and thus speed of the de LS Tike eng ee 
motor can be regulated. cas | 





— = ee = 


So far, armature current i, has been assumed 
ripple free and accordingly, waveforms in Fig. 
12.20 are sketched. Actually, the motor armature 
current will rise during chopper on period and fall 
during off period as shown in Fig. 12.21. The 
current expressions during on and off periods are 
obtained in Chapter 7 on choppers. By referring 
to this chopper, armature current i,(f) during on 
period, from Eq. (7.10), is given by 


7 V~,-E, / _#,) 2, nets 
L, (ft) = R -|l-e 5” |+i,,2@ © °:..(12.34) 








0 
SS "ad 


from Eq. (7.11), is given by Fig. 12.21. Waveforms for 
| de chopper drive of Fig. 12.20 (a). 


The armature current during the off-period, 
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: RR. R | 
is (=~ 50 (1-0 Iga ee (12.35) 


Here =r, (armature resistance) + r, (series-field resistance) 
L =L, (armature inductance) + L, (series-field inductance) 
Under steady-state operating conditions, 
V,=aV,=£,+1,h. 
Example 12.16. A de series motor is fed from 600 V de source through a chopper, The de 
motor has the following parameters : 
r,=0.049, 7, =0.062, k=4x 10°" Nm/amp* 
The average armature current of 300 A is ripple free. For a chopper duty cycle of 60%, 
determine : 
(a) input power from the source 
(b) motor speed and (c) motor torque. 
Solution. (a) Power input to motor 
=V.-f,=aV, I, 
0.6 x 600 x 300 = 108 kW. 
(6) For a de series motor, 
aV=E,+1],R=hI,0,+1,4 
0.6 x 600 =4 10 * x 300 x w,, + 300 (0.04 + 0.06) 


w,, = ee = 275 rad/sec or 2626.1 rpm 
(c) Motor torque, T = hile =a xO: * x 300° = 360 Nm. 


Example 12.17. Th chopper used for on-off control of a dc separately-excited motor has 
supply voltage of 230V dc, an on- time of 10 m sec and off-time of 15 m sec. Neglecting armature 
inductance and assuming continuous conduction of motor current, calculate the average load 
current when the motor speed is 1500 rpm and has a voltage constant of K, = 0.5 V/rad per 
sec. The armature resistance is 3 QQ. [.A.S., 1985] 

Solution. Chopper duty cycle 


pa A -=0.4 
T+ To 10+15 
For the;motor armature circuit, 
V,=0V,=2,4+1,%,=Km* On tla 
2n x 1500 
60 
92-25% 1 
3 
Example 12.18. A de chopper is used to control the speed of a separately-excited de motor. 
The de supply voltage is 220 V, armature resistance r, = 0.2 Q and motor constant K, o = 0.08 
Vi rpm. | 
This motor drives a constant torque load requiring an average armature current of 25 A. 
Determine (a) the range of speed control (6) the range of duty cycle a. Assumed the motor 
current to be continuous. (LA.S., 1990) 





0.4 x 230 = 0.5 x +1,x3 


.. Motor load current, [, = = 4.487 A 
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Solution. For the motor armature circuit, 
V,=aV,=£E,+1,r, 
As motor drives a constant torque load, motor torque T, is constant and therefore 
armature current remains constant at 25 A. 
Minimum possible motor speed is N = 0. Therefore, 
a x 220=0.08x 0+25~x2.0=5 


spe dive L. 
990° 44 


Maximum possible motor speed corresponds to a = 1, 1.e. when 220 V dc is directly applied 
and no chopping is done. 


1x 220=0.08 x N+ 25x 0.2 


220-5 3 
) N =——— = 2687.55 
or 0.08 2687.5 rpm 
. Range of speed control : 0 < N < 2687.5 rpm and corresponding range of duty cycle : 
1 
44 <5 Lt 


Example 12.19. A separately-excited de motor is fed from 220 V de source through a 
chopper operating at 400 Hz. The load torque is 30 Nm at a speed of 1000 rpm. The motor 
has r, = 0, L, = 2 mH and K,, = 1.5 V-sec/rad. Neglecting all motor and chopper losses, 
calculate 


(a) the minimum and maximum values of armature current and the armature current 
excursion, 

(6) the armature current expressions during on and off periods. 

Solution. As the armature resistance is neglected, armature current varies linearly 
between its minimum and maximum values, 





foe 
(a) Average armature current, J, =—— = a =20A 
KE. 1s 
Motor emf, Ej, = Ky - Wy = 1.5 x 7E*IO% _ 157.08 V 
Motor input voltage, aV,=V,=£, +1,r, = 157.08 +0 
j 157.08 
=~ 500 7 0.714 
Paks ee iB aah : 
Period : fe ge ee 
eriodic time, r f~ 400 2.0 ms 
On-period, Ton = 4 T =0.714 x 2.5 = 1.785 ms 
Off-period, Dag = (1- a) T=0.715 ms 
During on-period 7, armature current will rise which is governed by the equation, 
di 
0+L 2 +E, =V, 
di, “V,—&,  220-157.08_. 
or ek Lae 0.02 = 3146 A/s 
| di EE. — 157.08 | 
During off period, Pinos od) SaOUS weasel Ays 


dt L 0.02 
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With current rising linearly, it is seen from Fig. 12.21 that 
(li | 
fi =7, + on during T.,,, |x T 4, 
=J,,, +3146 x 1.785 x 10° ° 

or Lae =Lian + 5.616 .{t) 
For linear variation between /,,,, and J,,,, average value of armature current 
ie tee seule 
i= SS nL =20A 
or Dax = 40 —LInmn .. (IE) 

Solving Eqs. (i) and (i), we get I, = 22.808 A 
and Tow = 17.912. A, 

., Armature current excursion = Dy — in = 22-808 -— 17.912 = 5.616 A 


(6) Armature current expression during turn-on, 


(di 
L(t) =Inun + © during re xt 
=17.192+3146¢ for0<si<T,, 
Armature current expression during turn-off, 
di,, 


i,(t)=Ime + Ki during Ta xt 


=22.808-—7854¢ for0sisT yp 
Example 12.20. Repeat Example 12.19, in case motor has a resistance of 0.2 © for its 
armature circuit. 
Solution. (a) From Example 12.19, armature current, J,=20A and motor. emf, 
E,, = 157.08 V; source voltage, V, = 220 V. 
For armature circuit, aV,=V,)=V,=£,+1,7, =157.08+ 20x 0.2= 161.08 V 
161.08 ae 
= 500 0.7322 
T,,, = aT = 0.7322 x 2.6 = 1.831 ms 
R02” 
'E 0.02 
During T,,, from Eq. (12.34), armature current is 
: 220 — 157.08 
1 OS pee 
, = 1.831 ms, current become J,,,. This gives 
i. (t) =I, = 5.7079 + 0.98187 I,,., (i) 
During Dopp from Eq. (12.35), armature current is 
. — 157.08 
'g WSK 
At t= 0.669 ms, 1,(f)=J,,,. This gives 
t(t) =I, =— 5.237 + 0.9933 I,,,, .. (EL) 





Tog = T — Ton = 0.669 ms 10 


(le 3*)+7_.-e™ 


Att=T 


0 


(1 ie: oe 4 y 4 e 10¢ 
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Solving Eqs. (7) and (ii), we get 
Tnx = 5.7079 + 0.98187 (— 5.237 + 0.9933 Ie.) 
= 0.5658 + 0.9753 I. 


_“OG658 on nee 
or mz = 0047 7 22.907 A 


Jinn =~ 5.237 + 0.9933 x 22.907 =17.516A 

.. Armature current excursion 
= Lax ~ inn = 22-907 - 17.516=5.39 A 

(6) Armature current expression during turn-on period is 

i(t) = 314.6 (1-e° ™™) +17.516e7 1 
Armature current expression during turn-off period is 

i,(t) = — 785.4 (1 -—e 1) + 22.907 e 19! 
12.5.2. Regenerative-Braking Control 


In regenerative-braking control, the motor acts as a generator and the kinetic energy of 
the motor and connected load is returned to the supply. | 





ee, 





During motoring mode, armature current i= ,4.e, armature current is positive 


| tl. 
and the motor consumes power. In case load drives the motor at a speed such that average 
value of motor counter emf EZ, (= K,, - w,,) exceeds V,, J, 18 reversed and power is delivered to 
the de bus. The motor is then working as a generator in the regenerative braking mode. 
The principle of regenerative braking mode is explained with the help of Fig. 12.22 (a), 
where a separately-excited de motor and a chopper are shown. For active loads, such as a 





- aT a4 

(a) | oye, : 

Fig. 12,22. Regenerative braking of a separately-excited de motor 
(a) circuit diagram (6) waveforms (c) quadrant diagram. 


(c) 
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train going down the hill or a descending hoist, let it be assumed that motor counter emf 
E,, is more than the source voltage V,. When chopper CH is on; current through armature 
inductance L, rises as the armature terminals get short circuited through CH. Also, v,=0 
during T.,,. When chopper is turned off, E,, being more than source voltage V,, diode D conducts 
and the energy stored in armature inductance is transferred to the source. During 
Tv, = V,. On the assumption of continuous and ripple free armature current, the relevant 
voltage and current waveforms are shown in Fig. 12.22 (5). 

With respect to first quadrant operation as offered by motoring control of Fig. 12.20 (a), 
regenerative braking control offers second quadrant operation as armature terminal voltage 
has the same polarity but the direction of armature current is reversed, Figs. 12.22 (a) and 
(c). From the waveforms of Fig. 12.22 (b), the following relations can be derived : 

The average voltage across chopper (or armature terminals) 1s 


v= = .V.=(1-0) V, (12.36) 


Power generated by the motor 
=V,:-f,=(1-q) V, -f. 
Motor emf generated, E,=K,, 0, = V; + 1a Ta 
=(1-a)V,+/,1, (12.37) 
Motor speed during regenerative braking, 
_ (l-@) V, +17 
2 dit Af 
When chopper is on, E, -1,r,-L4 ee 0 
di, 
or (E, —1,7.) =e: at 


ae wen “2 
With chopper on, L, must store energy and current must rise, 1.e. ar must be positive or 


(Ba ~ tra) 20 (12.38) 
a | 7 di, . 
| When chopper is off, E, -J,r,-Lg: =; = V, 
di 
or V,-@,—1, t)=-La- 


With chopper off, (E,, — 1,7) must be more than V, for regeneration purposes and therefore 
[V, — (Z, - I, r,)] must be negative. This 1s possible only if current decreases during off period, 


dt . c 
i.e. —~ in the above expression must be negative. 


dt 
: [V, -—(Z, -1,r,)] = 9 
> (E, a IT a) athe V,) 
or (E,-I,7)2V; ..(12.39) 
Eqs. (12.38) and (12.39) can be combined to give 
0<(E,-I,7r,)<V, (12.40) 
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Eq. (12.40) gives the conditions for the two voltages and their polarity for the regenerative 
braking control of de separately-excited motor. 


Minimum braking speed is obtained when E, —J,r, =0 





or Kn Omn = 1g Me 
.. Minimum braking speed  @,,,, = ant .. (12.41) 
te 
Maximum possible +raking speed is obtained when 
E,—1.7.=V, 
.. Maximum braking speed, ,,, = are ...(12.42) 
Am 


Thus regenerative braking control is effective only when motor speed is less than w,,,. and 
more than @,,,,. This can be expressed as 


Omn < Om < Vmax 








Fala. we abach imikn 
K <0, <—-—— K 
Therefore, the speed range for regenerative braking is eee or 
“Lm m 


(V, + ac ra) Fas 


Regenerative braking of chopper-fed separately-excited de motor is stable, it is therefore 
discussed here. DC series motors, however, offer unstable operating characteristics during 
regenerative braking. As such, regenerative braking of chopper-controlled series motors is 
difficult. 

Example 12.21. A de chopper is used for regenerative braking of a separately-excited dec 
motor. The de supply voltage is 400V. The motor has r,=0.2 0, K_ = 1.2 V-s/rad. The average 
armature current during regenerative braking is kept constant at 300 A with negligible ripple. 

For a duty cycle of 60% for a chopper, determine 

(a) power returned to the de supply 

(6) minimum and maximum permissible braking speeds and 

(c) speed during regenerative braking. 

Solution. (a) Average armature terminal voltage, 

V,=(1-a) V, =(1—-0.6) x 400 = 160 V. 

Power returned to the de supply 

= VJ, = 160 x 300 W=48 kW 
(6) From Eq. (12.41), minimum braking speed is 


Onn="p = a5 °}= 00 rad/s or 477.46 rpm 
From Eq. (12.42), maximum braking speed is 


o = vatta*Ta _ 400+ 300 x 0.2 
i he 1.2 


= 383.33 rad/s or 3660.6 rpm 
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(c) When working as a generator during regenerative braking, the generated emf is 
E,=K,, ©, = V,+ 1,7, = 160 + 300 x 0.2 =220V 
220 


-, Motor speed, 0,, = 12 rad/s or 1750.7 rpm 


12.5.3. Two-quadrant Chopper Drives 

Motoring control circuit for chopper drives offer only first-quadrant drive, because 
armature voltage and armature current remain positive over the entire range of speed control. 
In regenerative braking, second-quadrant drive is obtained as armature terminal voltage 
remains positive but direction of armature current is reversed. 

In two-quadrant de motor drive, both motoring mode as well as regenerative braking mode 
are carried out by one chopper configuration. One such circuit is shown in Fig. 12.23 (a) which 
ermsists of two choppers CH1, CH2 and two diodes D1, D2 and a separately-excited de motor. 





et 


| (b) 

Fig. 12.23 ekaaenae de chopper drive (a) circuit diagram and (6) two-quadrant diagram. 

Motoring mode. When chopper CH1 is on, the supply voltage V. gets connected to 
armature terminals and therefore armature current i, rises. When CH1 is turned off, 1, free 
wheels through D1 and therefore i, decays. This shows that with CH1 and D1, motor control 
in first quadrant is obtained. 

Regenerative mode. When CH2 is turned on, the motor acts as a generator and the 
armature current i, rises and therefore energy is stored in armature inductance L,. When 
CH? is turned off, D2 gets turned on and therefore direction of i, is reversed. Now the energy 
stored in L,, is returned to de source and second quadrant operation is obtained, Fig. 12.23 
(5), In this figure, first-quadrant operation of dc motor is sometimes called forward-motoring 
mode and second-quadrant operation as forward regenerative-braking mode. 

12.5.4. Four-quadrant Chopper Drives 

In four-quadrant de chopper drives, a motor can be made to work in forward-motoring 
mode (first quadrant), forward regenerative braking mode (second quadrant), reverse 
motoring mode (third quadrant) and reverse regenerative-braking mode (fourth quadrant). 
The circuit shown in Fig. 12.24 (a) offers four-quadrant operation of a separately-excited dec 
motor. This circuit consists of four choppers, four diodes and a separately-excited de motor. 
Its operation in the four quadrants can be explained as under : 

Forward motoring mode. During this mode or first-quadrant operation, choppers CHa, 
CH3 are kept off, CH4 is kept on whereas CH! ts operated. When CH1, CH4 are on, motor 
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voltage 1s positive and positive armature current rises. When CH1 is turned off, positive 
armature current free-wheels and decreases as it flows through CH4, D2. In this manner, 
controlled motor operation in first quadrant is obtained, 


Forward regenerative-braking mode. A dc motor can work in the 
regenerative-braking mode only if motor generated emf is made .o exceed the de source 
voltage. For obtaining this mode, CH1, CH3 and CH4 are kept off whereas CH2 is operated. 
When CH2 is turned on, negative armature current rises through CH2, D4, E., L., r,. When 
CH2 is turned off, diodes D1, D2 are turned on and the motor acting as a generator returns 
energy to the de sou_ce. This results in forward regenerative-braking mode in the 
second-quadrant. 


Reverse motoring mode, This operating mode is opposite to forward motoring mode. 
Choppers CH1, CH4 are kept off, CH2 is kept on whereas CH3 is operated. When CH3 and 


CH2 are on, armature gets connected to source voltage V, so that both armature voltage V, 
and armature current i, are negative. As armature current is reversed, motor torque is 
reversed and consequently motoring mode in third quadrant is obtained. When CH3 is turned 
off, negative armature current freewheels through CH2, D4, E, L,,r,; armature current 
decreases and thus speed control is obtained in third quadrant. Note that during this mode, 
polarity of FE, is opposite to that shown in Fig. 12.24 (a). 


Vi 7 Vo 


CH? operated] CH! operated 
CH1,CH3,CH4 ot] CH2,CH3 off 
Forwarded Forwarded 
Reg. | Motoring 








CH4 operated 
CHT, CH2,CH3 off 


CH3 operated 
CHI,CHé off 





Reverse Reverse Reg 
Motoring V4 Braking 
at) (Bb) 


Fig. 12.24. iii cuadeant de chopper drive (a) circuit diagram and (4) four-quadrant diagram. 

Reverse Regenerative-braking mode. As in forward braking mode, reverse 
regenerative-braking mode is feasible only if motor generated emf is made to exceed the de 
source voltage. For this operating mode, CH1, CH2 and CHS are kept off whereas CH¢ is 
operated. When CH4 is turned on, positive armature current i, rises through CH4, D2, 
ry L,, Z,. When CH4 is turned off, diodes D2, D3 begin to conduct and motor acting as a 
generator returns energy to the de source. This leads to reverse regenerative-braking 
operation of the de separately-excited motor in fourth quadrant. 
: Note that i in Fig. 12.24 (a), the numbering of choppers is done to agree with the quadrants 
in which these are operated. For example, CH1 is operated for first quadrant, ...., CH4 for 
fourth quadrant etc. 
12.6. A.C. DRIVES 

Primarily, electric drives can be divided into two groups, de drives and ac drives, DC 
drives have already been discussed in this chapter. Now ac drives are described at their 
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introductory level only. Advantages and disadvantages of ac drives with respect to de drives 
are as under : 
Advantages of ac drives 
(i) For the same rating, ac motors are lighter in weight as compared to de motors. 
(ii) AC motors require low maintenance as compared to de motors. 
(iii) AC motors are less expensive as compared to equivalent dc motors. 
(iv) AC motors can work in hazardous areas like chemical, petrochemical etc. whereas 
de motors are unsuitable for such environments because of commutator sparking. 
Disadvantages of ac drives 
(i) Power converters for the control of ac motors are more complex. 
(ii) Power converters for ac drives are more expensive. | 
(iii) Power converters for ac drives generate harmonics in the supply system and load 
circuit. As a result, ac motors get derated. 
The advantages of ac drives outweigh their disadvantages. As such, ac drives are used 
for several industrial applications. In general, there are two types of ac drives : 
1. Induction motor drives 
2. Synchronous motor drives. 
These are now described in what follows. 
12.7. INDUCTION-MOTOR DRIVES 
Three-phase induction motors are more commonly employed in adjustable-speed drives 
than three-phase synchronous motors. Three-phase induction motors are of two types, 
squirrel-cage induction motors (SCIMs) and slip-ring (or wound-rotor) induction motors 
(SRIMs). Stator windings of both types carry three-phase windings. Rotor of SCIM is made 
of copper or aluminium bars short-circuited by two end rings. Rotor of SRIM carries 
three-place winding connected to three slip rings on the rotor shaft. 
When 3-phase supply is connected to three-phase stator winding, rotating magnetic field 
is produced. The speed of this rotating field, called synchronous speed, is given by 


120f, 2h} | 
N, = ao rpm or i,= <p rps vee( 12.43) 
at ae (12.44) 
Also, ©, = Pp Pp ad/sec . 
where f, = supply frequency in Hz, 


(0, = supply frequency in rad/s 

P = number of stator poles. 
Rotor cannot attain synchronous speed. It must run at a speed N, less than N,, where 
N,=N, (1-8) 
wo, = @, (1 -s) 
where N,= rotor speed in rpm 
jw,, = rotor speed in rad/s 
 s=slip= “a —— = 


Analysis and performance. Per-phase equivalent circuit of a three-phase induction 
motor is shown in Fig. 12.25. In this circuit, r. = rotor resistance referred to stator, x2 = rotor 
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a b 

Fig. 12.25. Peta equivalent circuit of a three-phase induction ae referred to stator. 
leakage reactance referred to stator. r,+ jx, is the stator leakage impedance and A. = 
magnetizing reactance. In this figure, core-loss resistance R, is not shown. But, for 
determining the shaft power or shaft torque, the core loss must be taken into consideration. 
In case stator impedance drop is assumed negligible as compared to terminal voltage 
V,,X,, can be moved to stator terminals to get the simplified equivalent circuit of Fig. 12.25 (6). 
From this per-phase circuit model, stator current J, and rotor current J, can be calculated. 
Once J, f, are known, the performance parameters of a 3- phase induction motor can be 
determined as follows : 





...(12.45) 








From Fig. 12.25 (b), I, =- as ) 
i ea + J (% + X9) 
Air-gap power (power transferred from stator to rotor through the air gap), 
r 
P,=31,° x (12.46) 
Rotor ohmic loss ='31,*r, 
Developed power in rotor, P,, =P, — rotor ohmic loss 
ey ee Ne 
= 31," a) ‘ = E  ALZ.AT) 
Developed rotor tetas r= Pn = 81,' r,|— | +<——— 
| RL Da GPs al din etek 
J 
Saige: gpeaateens 4a 
e os 7 »- 12,48) 
ee 
Also, = a ...( 12.49) 
"s 
Substituting the value of J, from Eq. (12.45), we get 
Ct eas ra a 
z= a ty .. 12.50) 


2 

3, r F 

r,+ - + (x, + xe). 

Motor power input, P = P, + stator core loss + stator copper loss 


Output, or shaft, power, P., = P,,, — fixed loss (friction and windage loss) 
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Bi Ps | 
Motor efficiency, N= | 
| 
Output, or shaft, torque, | 
T.= Ssh qe ..(12.51) 








Slip at which maximum torque occurs is given by 
ie 2 "2 ) (12.52) 


Substituting the value of s,, in Eq. (12.50), we get an expression for maximum torque as 


2 
r= 3 Vi | (12.53) 










™ 20, | ryt Wry" + (&y + X29) 

The maximum torque, also called pull-out or 
breakdown terque, is independent of rotor 
resistance. However, s,, is directly proportional to 
rotor resistance. . le 
It is seen from Eq. (12.50) that if three-phase  “S —~P**s=— te 
induction motor is energised from fixed voltage at nn | 
a constant frequency, motor torque is a function of 


the slip. For different values of slip, the Forward 
speed-torque characteristic of a three-phase . motoring 
induction motor is plotted in Fig. 12.26. In motoring Ve ata 
mode under normal running (s<s,,), as stator ‘current 


current is not high, the air-gap flux remains 
substantially constant and torque increases with 
increase in slip from zero to s,,. After maximum 
torque T..,, at slip s,,, as the slip increases, stator 
current rises much more than the rated current, 
air-gap flux decreases and therefore torque 
decreases with an increase in slip. 

In case rotor resistance r, is neglected, which 


Torque 


Reverse 
plugging 


is usually true in large induction motors, the | Se rae =e See epee ee 
ressions for slip and torque are as under : | Ie 
Sart B i Fig. 12.26. Speed-torque characteristics of 
ae os (12.54) a three-phase induction motor. 
2 
is — ee a (12.55) 
Ewch i, s 
2 | 2 
id + (X; +X) 
17 2 
3 V; 


ee ee (12.56) 
“ow, 2 (x) +X) | 


From Eqs. (12.55) and (12.56), it can be obtained that 





Fae (12.57) 
ies, 3 Sm 
San s 
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T, _2-8_2(0,~Op) 








Ifs<s,, then ——— = = (12,58) 
Tem. Sm Sm * @, 
= (5B te 
or a =(@, — 0,,) 
alts! « Sahel | 
or Motor speed, Op, = O,|1——] (12.59) 
: ai 


It is seen from Eqs. (12.58) and (12.59) that for small values of slips, motor torque is 
proportional to slip Eq. (12.58), and motor speed decreases as torque 7, increases, Eq, (12.99). 


From Eqs. (12.54) and (12.59), 


| , My te | 
f — —_ — _ = ann 12.60 
O,, = @, fi <1 + Xz a ( ) 








This expression shows that drop in speed from no load to full load depends on rotor 
resistance. 


12.8. SPEED CONTROL OF THREE-PHASE INDUCTION MOTORS 
Three-phase induction motors are admirably suited to fulfil the demand of loads requiring 
substantially a constant speed. Several industrial applications, however, need adjustable 
speeds for their efficient operation. The object of the present section is to describe the basic. 
principles of speed control’techniques employed to three-phase induction motors through the 
use of power-electronics converters, The various methods of speed control through 
semiconductor devices are as under : 
(1) Stator voltage control 
(12) Stator frequency control 
(42) Stator voltage and frequency control 
(tv) Stator curreuwt control 
(uv) Static rotor-resistance control 
(ut) Slip-energy recovery control. 
Methods (2) to (iv) are applicable to both SCIMs and WRIMs whereas methods (v) and 
(vi) can be used for WRIMs only. These methods are now described in what follows. 
12.8.1. Stator Voltage Control | 
It is seen from Eq. (12.50) that motor torque T, is proportional to the square of the stator 
supply voltage. A reduction in the supply voltage will reduce the motor torque and therefore 
the speed of the drive. If the motor terminal voltage is reduced to AV, where K < 1, then the 
motor torque is given by 


T =. (KV,)° eg 


(12,61) 
s rg ; 2 : 

n +) + (%, +22)" 

For the purpose of varying the voltage applied to a 3-phase induction motor so as to 
achieve a speed control, a 3-phase ac voltage controller is usually employed. Fig. 12.27 (a) 
shows a three-phase ac voltage controller feeding a three-phase induction motor. By 
controlling the firing angle of the thyristors connected in antiparallel in each phase, the rms 
value of the stator voltage can be regulated. As a consequence, motor torque and thus speed 
of the drive is controlled. In Fig. 12.27 (), for load torque T;, a is the operating point at rated 
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— Rated voltage 





| Z | Torque 
(a) (6) 
Fig. 12.27. (a) Three-phase ac voltage controller feeding a 3-phase induction motor 
_ (b) Speed-torque characteristics as effected by stator voltage control. 
voltage and OA is the motor speed. For reduced stator voltage (k= 0.5), b is the operating 
point and OB is the reduced motor speed for load torque 7. This method is suitable for motors 
having large value of s,,. For low-slip motors, the range of speed control is very narrow. 

Stator-voltage-control method offers limited speed range. It is usual to use 3-phase voltage 
controllers. Their use, however, introduces pronounced harmonic contents and input supply 
power factor for the voltage controller is quite low. These are, therefore, used for low-power 
drives like fans, blowers and centrifugal pumps requiring low starting torque. For these types 
of loads, the load torque is proportional to speed squared and input current is maximum when 
slip s = 1/3, this is proved in Example 12.22. 

Example 12.22. (a) A three-phase SCIM drives a blower-type load. No-load rotational 
losses are negligible. Show that rotor current is maximum when motor runs at a slip s = 1/3. 
Find also an expression for maximum rotor current. 

(b) If three-phase SCIM runs at speed of (i) 1455 rpm and (tt) 1350 rpm, determine the 
maximum. current in terms of rated current at these speeds. The IM drives a fan and no-load 
rotational losses are ignored. 

Solution. (a) The torque required by a blower-type load is proportional to speed squared. 

Ty = kw, 
Mechanical power developed in motor, P,, = (1-5) P 
As no-load rotational losses are negligible, P_, = power required by load. 


or (l-s)P,=T,: @, 


31,2 (1-8) = Ty, 


1/2 
Lhe|oe @) 
PE 2” | 8rq (1-8) 


But ,, = @, (1—s) and 7; = @,,”. Substituting these in (7), we get, 
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1/2 
; [edna tis) uch ees 

















- [s-k-o] _, Fee. tE 
leo part ear 
eee 1/2 
- 
or I, =Vs (1-8) : | Adi) 
: ( | 3r, 
dl, 
The slip at which rotor current J, becomes maximum can be found by obtaining =e and 
equating it to zero. 
1/2 
dy Le el erp Bont 
TaD da-n| 4 +s ( »2 =0 
l-s__ : ih. aa 
or 5-9 or s=% ALLL) 


This shows that J, is maximum at a slip of The maximum value of J, 1s obtained by 


putting s = i in Eq. (it). 


S 
yee 1/2 
a afl 2) hel] 2 [ko (iv) 
SERMON UNS PSr, Bir ey Tey h - 


ete tie: h- 
(b) From Eq. (ii), Ip =Vs ao a 
2 





(i) For 1455, full-load slip 
1500 — 1455 


81 = Fag = 0.08 


4/2. 2 
renee V3 


ot Ep ~ 
Here Jy, is the rated, or full-load, rotor current. 
(i) For 1350 rpm, full-load slip 

_ 1500 - 1350 





From above, 








LS aerais (pees aaah 
4/2 
Fae 3 , 
OIE Odin pie 


12.8.2. Stator Frequency Control 

By changing the supply frequency, motor synchronous speed can be altered and thus 
torque and speed of a 3-phase induction motor can be controlled. For a three-phase induction 
motor, per-phase supply voltage is V,=V2 nf, N,o&,,. This expression shows that under 
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rated voltage and frequency operation, flux will be rated. In case supply frequency is reduced 
with constant V,, the air-gap flux increases and the induction motor magnetic circuit gets 
saturated. The motor parameters will change leading to inaccurate speed-torque 
characteristics. Further, at low frequencies, reactances will be low leading to high motor 
currents, more losses and reduced efficiency. In view of this, induction motor (I.M.) speed 
control with constant supply voltage and reduced supply frequency is rarely used in practice. 

With constant supply voltage, if the supply frequency is increased, the synchronous speed 
and therefore motor speed rises. But, with increase in frequency, flux and torque also get 
reduced. IM performance at constant voltage and increased frequency can be obtained by 
neglecting X,, and r, from the equivalent circuit of Fig. 12.25 (a). This assumption is not roing 
to introduce any noticeable error as magnetizing current at high frequency is quite small, 
Thus, rotor current under this assumption is given by 





Vi Sr 
r 
é | + (x4 + 
4nf, 20 
Synchronous speed, ,= P = ee rad/s 
c. | yo. pare 
Motor torque, l= ih; I, ; 
| re . 
See, i — ...(12.63) 
20, (,\ s 
e + (x, +X)" 
, fo Qe 
sin s=—=— or ,= § t). 
slip, hi; @, My 1 


Here f) and @ are the rotor frequencies in Hz and rad/s respectively. Substituting the 


value of slip s = = in Eq. (12.63), we get 
1 





T= 3P Vo, ne 
OR aes |; 
Seer ot (Le la) 
a 
| a 
a me (12.64) 


| rs + Wy" (i, + ae 


Slip at which maximum torque occurs Is obtained from Fig. 12.25 (a) as 


205" 


Po 


...(12.65) 


s_, =——_— 
me X1 +X 


Rotor frequency in rad/s at which maximum torque occurs is given by 
0, ° Fs ro 
Note that ,,, does not depend on the supply frequency ©. Substituting 
ry = ,, ° (1, + 1p) in Eq. (12.64) gives maximum torque TE 88 
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eR SVE te G 
207 Dam” (Ly + Lg)” + Won” (Ly + La)” 
| 2 
ASPs 3% (12.66) 


20,” ty + ly 


Eq. (12.66) indicates that T,,, is inversely proportional to supply-frequency squared. Also, 


2 
2_8P Vi 
Tem 1 => TST 


ap Vs 
2 by+ty 
therefore, T,,,- ©," is also constant. As the operating 


At given source voltage Vj, is constant, Speed 


frequency «, is increased, T,,,, : ," remains constant but 


&| 2.0 Tem! =consiant 
maximum torque at increased frequency ®, gets reduced a | 
as shown in Fig. 12.28. Supposing rated frequency fora | 
motor is 50 Hz and T,.,,=100 Nm. Ifthe motorisnow © 
operated at 100 Hz, then 100(2nx50) = (new ,, _\, 





maximum torque) (2m x 100)* or the maximum torque at 
increased frequency of 100 Hz is 25 Nm. Such type of 
IM behaviour is similar to the working of de series 
motors. With constant voltage and increased- frequency | 
operation, air-gap flux gets reduced; therefore, during oL— 
this control, IM is said to be working in field-weakening 
mode. Constant voltage and variable frequency control 
of Fig. 12.28 can be obtained by feeding 3-phase IM 
through three-phase inverters discussed in Chapter 8. supply voltage. 


ac bem constant 


Torque 
Fig, 12.28. Speed torque 
characteristics of a 3-phase IM with 


stator frequency control with constant 


Example 12.23. A 3-phase, 400V, 15kW, 1440 rpm, 50 Hz, star- connected induction motor 
has rotor leakage impedance of 0.4 + j 1.6 Q. Stator leakage impedance and rotational losses 


are assumed negligthle. 
If this motor is energised from 120 Hz, 400V, 3-phase source, then calculate 
(a) the motor speed at rated load 
(6) the slip at which maximum torque occurs and 
(c) the maximum torque. 


Solution. Full-load torque, T,.q= —— =——— x 15000 = 99.472 Nm 


(a) At 120 Hz, synchronous speed, 


a, =. - 120 © rad/s. 
Rotor impedance at 120 Hz =0.4+)1.6x = =0.4+)3.842/3.840 — 


99.479. 3. (400/V3)" , 0.4 
T,.q=9472= 705 gat * s 


tT . 04 400 


o 
. Full-load slip, 8 x Ban) = (0.1157 


~ 40n * 99.472 
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Motor speed = mn (1 — 0.1157) = 3183.48 rpm 
(6) Slip at which maximum torque occurs is given by 
ro Q.4 
=—=—— =0.1042 
Sm An 3.84 


| “ ta 72 
_3 Yr __3_ (400/V3)" _ 55 962 Nm. 
@, 2x, 120n 2x3.84 
12.8.3. Stator Voltage and Frequency Control 
For a 3-phase IM, stator voltage per phase is given by 
V,=V2 thy Noni: 01° Ren ...(12.66) 
It is seen from above equation that if the ratio of supply voltage V, to supply frequency 
f, is kept constant, the air-gap flux $, remains constant. From Fig. 12.25 (6) and Eq. (12.50), 
the starting torque is given by 
a v,’ 





(c) Maximum torque, T,,_,, 


Les = 


ri 
ea 


20 
As (Fr, + re, << (x, + X2) and @,= ay we get 


wart Ya ses 
20; @," (1, +l) 


TAKE Z | 
ee te ered alee (12.67) 
20, |@,} (1, +l.) 


e - st 


From Eq. (12.56), maximum torque is given by 
2 
ie Nile 
W, 2(x, +X) 
2 
= 8P , pean ee Speed? 
. 20); 2: OO, ([, + ls) 


SP a) ok | 
=> Sn — ee 12.68 
A ) l+l, 


Eg. (12.68) shows that if V,/,, or air- gap flux 9), 1s 
kept constant, the maximum torque remains unaltered. Eq. 
(12.67) indicates that starting torque increases even if 
air-gap flux is kept constant. At low values of frequencies, 
the effect of resistances cannot be neglected as compared 
to the reactances. This has the effect of reducing the 
magnitude of maximum torque at lower frequencies as 
shown in Fig. 12.29. In practice, at low frequencies, the 


Down = 








supply voltage is increased to maintain the level of a" Torque 
maximum torque. This method of speed control is also Fig. 12.29. Speed-torque 
called volts /hertz control, characteristics of a 3-phase IM 


with volts/hertz control. 
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If stator resistance is neglected, then from Fig. 12.25 (6), the slip at which maximum ( 
tarque occurs 1s given by . 
rs i] 
8. = ———_ |, 
Xy+Xg | 
rg 


= ———_— .( 12,69 } 
a), (2, + £4) t 


As the supply frequency @, 1s reduced, the slip at maximum torque increases. ) 





In Fig. 12.29, load torque T;, for a certain load is also shown. It is seen from this figure 
that as both voltage and frequency are varied (usually below their rated values), speed of the | 
drive can be controlled. The control of both voltage and frequency can be carried out (so as 


to keep = constant) through the use of three-phase inverters or cycloconverters. Inverters 


are used in low and medium power drives whereas cycloconverters are suitable for high-power 
drives like cement mills, locomotives etc. 

Variable voltage and variable frequency can be obtained from voltage-source inverters. 
Four such circuit configurations are shown in Fig. 12.30. In Fig. 12.30 (a), three-phase ac is 
converted to constant de by diode rectifier. Voltage and frequency are both varied by PWM 
inverter. The circuitry between the rectifier and the inverter consists of an inductor £ and 













C , | | | . 
3 phase eae ae | 
ac , | | : 
: Inverter 
supply 
(2) 
Chopper _, 
3 phase | 
ae lnverterk- | 
Supply | 
2 phase | | 
ac : A, i linverter 
supply 
3 phase | | —. | 
oc — /\ , , ‘inverter fohage: } 
supply | | 
Dual converter | 
(d) 


Fig. 12.30. Three-phase induction motor speed control through voltage source inverters. 


Downloaded From : www.EasyEngineering.net 
www.rag 


© Wiki Engineering ul.org 


Downloaded From : www.EasyEngineering.net 


Electric Drives | | | [Art. 12.8] S(7 


capacitor C, called filter circuit. The function of filter circuit is to smooth de input voltage to 
the inverter. This circuitry in between rectifier and inverter is called de link. In Fig. 12.30 
(a), regeneration is not possible because of diode rectifier. Also, inverter would inject 
harmonics into the 3-phase ac supply. 

In Fig. 12.30 (6), three-phase ac is converted to dc by diode rectifier. Chopper varies the 
de input voltage to the inverter and frequency is controlled by the inverter. Use of chopper 
reduces the harmonic injection into the ac supply. Regeneration is not feasible in the scheme 
of Fig. 12.30 (5). 

Fig. 12.30 (c) uses a 3-phase controlled rectifier, de link consisting of L and and a 
force-commutated VSI. Voltage is regulated by controlled rectifier and frequency is varied 
within the inverter. Here regeneration is possible if three-phase full converter is used. 
Regeneration is also feasible in the scheme shown in Fig. 12.30 (d). It uses a 3-phase dual 
converter, L-C filter and inverter. Level of dc input voltage to the inverter is regulated in 
dual converter whereas frequency is varied within the VSI inverter. 

It may be observed from above that volts/hertz control offer speed control from standstill 
upto rated speed of IM. This method is similar to the armature-voltage control method used 
for the speed control of a de motor. 

Example 12.24. A 3-phase, 20 kW, 4-pole, 50 Hz, 400 V delta connected induction motor 
has the following parameters per phase : 

r,=0.60, re=0.49, x, =x,= 1.60 

Its magnetizing reactance is neglected. If this motor is operated at 200V, 25 Hz with DOL 
starting, calculate 

(a) current and pf at the instant of starting and under maximum torque condittons, 
compare the results with normal values, 

(b) starting and maximum torques and compare with normal values. . 

Solution. The subscripts nandd are used here for normal operation and for 
reduced-voltage reduced-frequency operation respectively. 

(a) Starting current : 


Vy 400 , 
1 = $$ @_§_ en ae HBA 
72 2} |(o.6+ 24) +(3.2)7 
Gtk. + (xy + Xy) [Scie a ves 
400/2 | | 
lj eo eee 
0.4) [5.2 
(oss 1 (5 | 
as 1.0 
cos 8), =—> — = 0.2983 
OS en es BD 
(cos 8), = Ee = 0.53 


ea) 
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ean tule 31) te 108.75 Nm 
°: 4 afer 
Ta = = — (106)° x —— = 171.673 Nm 
It is seen from above that at Eee tan reduced-frequency operation 
(i) starting current decreases, however, starting torque becomes more, 
(it) power factor at starting is improved, therefore power input to motor is more. 


It can be inferred from above that with reduced-voltage and reduced-frequency (keeping 
v/f or flux constant) operation, the performance of IM at starting is improved. 


Maximum torque. The slip at which maximum torque occurs is given by 




















Of =\06 +92 
Son 
Spas ne 01128 
Te =_——$___ 0 ____angp75ia 
(ene 0.4 Pe ee 
los otis +023 
40 
Tt == — (79, 875)" x —— 5199 = 396.26 Nm 
06+ 5199 
(cos®), = 3 7774 = 0.7692 lag 
4 | 2 
[° 6+ 0. 3) + (3.2) , 
At reduced voltage and reduced frequency, the calculations are as under : 
0.4 
2S ee eee 
qa [3.2 
ost +(22) | 

I,= noe > =71.187A 

0.4 — 2 

t a + 1.6 . 
Tom .d = Gera * (T1ABT? x aor = 830.885 A 

ae asa 

(cos 8), =—— 3 pa = 0.822 lag 





2 
(0598 +18 


It is seen from above that at reduced voltage and reduced frequency 


(i) current gets reduced whereas pf is improved under maximum torque conditions, 
(ii) the maximum torque, however, gets reduced. 
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12.8.4. Stator Current Control 

The developed torque and therefore the speed of a 3-phase IM can also be controlled by 
stator-current control instead of stator-voltage control. The behaviour of a motor with 
stator-current control is different from that obtained with voltage-source inverter. 

Consider a constant current J, fed into the stator windings of a three-phase IM, Fig. 12.31 
(a). So far as rotor current J, is concerned, stator leakage impedance (r, + j*,) plays no role. 
Therefore, the effect of (r, +,jx,) can be omitted when studying constant-current mode of motor 
operation. However, (r, +jx,) does influence the magnitude of applied stator voltage V;. For 
stator current J,, the rotor current J,, from Fig. 12.31 (a), is given by 


L=l, im ...(12.70) 
Sits ae . 
aa + (Xs + X,,) 
The internal, or developed, electromagnetic torque 7’, is 
r 
e~ Ee ; I,’ = 
w, s 
te neg Bp ST (12.71) 
a, s 


a + (Xo +X.) 


Invoking the principle of maximum power transfer in the equivalent circuit of Fig. 12,31 
(a) with r,; +jx,=0 and with constant current J,, we get 


ae Xo +A, 
Sn 
&3 
em Xo + Min 
Eq. (12.72) gives the slip at which maximum torpue occurs when 3-phase IM is fed from 





is (12.72) 


current-controlled source. Maximum torque T,,, is obtained by substituting = =X» +X,, in 


it 
Fiq. (12.71). 





Pex = 
in MYL =2. y : mi a (Xo +X_) 
oO, 2 (Xo + A,,) 
3 GX (12.73) 
W@, 2 (x9 +4,,) 
| To tome SP Uy: 20 fy Lm) 
Also, em An e 9. on f; : (ln + L,,) 
2 
3P sO, 12 (12.74) 


“Gala © 
It is seen from Eq. (12.74) that maximum torque is (7) proportional to stator-current 
squared, (ii) independent of supply frequency f, and (itt) independent of rotor resistance. 
The starting torque, from Eq. (12.71), is 
3 (I, X,)° 


ee (12.75) 
‘Dy rotieeel 


D F .EasyEngi ing. 
© Wiki Engineering abies aauesesrtee Www-raghulorg © ne 


Downloaded From : www.EasyEngineering.net 


510 (Art. 12.8] | - — Power Electronics 








——. —" 


Torque at 
rated Iy without 
soturation 


“Wye lOpu 


SS a i 








Torque 
(ez) (0) 
Fig. 12.91. (a) 3-phase I.M. per-phase equivalent circuit 
(6) speed-torque curves with stator-current control, 

The speed-torque characteristics, for different stator currents are shown in Fig. 12.31 (4). For 
comparison purposes, speed-torque curve at rated voltage is also sketched. At rated current 
/, = 1.0, starting torque is very low as compared to that obtained with rated voltage V, = 1.0. At 
starting, slip s = 1.0, ry + jx» is quite low in magnitude producing almost a short-circuiting effect 
leading to very low current through X,, and therefore very low air-gap flux and low stator voltage. 


; wey k a ' fo... 
As a consequence, starting torque is quite small. As speed rises or slip falls, = +] X, rises, current 


through xX, increases and as a result, stator voltage of air-gap flux rises leading to higher torque. 
With no magnetic saturation, torque rises to quite a high value as shown by dotted line. In 
practice, the saturation will limit the peaking in maximum developed torque as shown by solid 
curve for J, = 1.0. The speed-torque curves for J, = 0.5 and 2.0 are also shown in Fig, 12.31 (6). 

A constant current for the 3-phase IM can be obtained from a 3-phase current source 
inverter (CSI). The advantages of torque and speed control by CSi ted IM are (i) fault current 
level control and (i) current input is almost unaffected by motor parameter variations. The 
disadvantages of current-fed drives are (i) generation of unwanted harmonics in the system 
and (iz) torque pulsations. 








| Current 










, ee G | source 
SUPP Ly Inverter 
(a) 
Chopper |. 
| OO Stator 
i3hase ae Current 
a . } | 
a Oo Source 
supply | inverter 


(6) | 
Fig. 12.32. (a) 3-phase IM speed contro] through current-source inverter 
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Fig. 12.32 shows two circuit configurations for current-fed inverter IM drives. In Fig. 
12.52 (a), 3-phase controlled rectifier gives out controlled dc voltage. Inductor ZL converts this 
voltage to constant current. CSI regulates the output frequency and therefore the torque and 
speed of 3-phase IM. In Fig. 12.32 (6), uncontrolled de voltage is regulated by chopper which 
is then converted to current source by inductor L. As before, CSI then controls the torque 
and speed of three-phase I.M. 

Example 12.25. A 400 V, 4-pole, 50 Hz, 3-phase, star-connected induction motor has 
rp=O,x%,=x%,=1 0, r,=040,X,=500 This induction motor is fed from {t) a 
constant-voltage source of 231V per phase and 

(it) a constant-current source of 28A. 

For both parts (t) and (tt), calculate 

(a) the slip for maximum torque 

(6) the starting and maximum torques 

(c) the supply voltage required to sustain the constant current at the maximum torque. 

Solution. The equivalent circuit for this motor is shown in Fig. 12.33 (a). Its Thevenin’s 
equivalent circuit is drawn in Fig. 12.33 (6) where X, and V, are given by 


_ 1x50 








X, = +=? - 0.98040 
and Ve 00 926.5 
51 
(a) (B) 


Fig, 12.33, Induction motor per-phase equivalent circuit, Example 12.25. 
(a) (1) Itis seen from the equivalent circuit of Fig. 12.33 (6) that the slip at which maximum 
torque occurs is given by 
bots 0.4 
mm 1.9804 
(zz) For constant-current operation of IM, slip s,, is given by Eq. 12.72. 
ocep ee 
mS Vee) 
ane Any , 
(o) (t) Synchronous speed, w, = * = =x = 00n rads 
For constant voltage input, T,_,, is given by 


: 3 2 
ee ee 
- gt @, 2st 2 


€ 


= 0.202 





= 0.00784 
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3 226.5 | 
———— x 0.4=96.012 Nm 
50n 0.474 1.98047 
mega pee 
PS Nik 2 bat) 
= 3___(226.5)" _ 947 37Nm 


50m 2 (1.9804) 
(tt) For constant current input, T,.,, from Eq. (12.75) is 


= 3, 28x50) 9 45.756 Nm 


ot 50m 0.47 4517 
Maximum torque, from “a (12.73) is 
= (28 x 50)" 
Pe os ret 9x51 = 366.993 Nm 


It is seen from above that for constant-current mode, T,,, is much smaller (5.756 Nm) as 
compared to T, ,, for constant-voltage mode (96.012 Nm). But maximum torque for 
constant-current mode is much more (366.993 Nm) than its value for constant-voltage mode 
(247.37 Nm). Also the slip at which maximum torque occurs is very low (0.00784) for constant- 
current mode as compared to its value for constant-voltage mode (0.202). 

(c) At maximum torque, §,,7= 0.00784. From the equivalent circuit of Fig. 12.33 (a), the 
magnetizing current J,, is given by 





I's C4 
= td %2 0.00784 77} 
gata —— = 28.0 7 = 19.806 /43.865° 
2 E ee es 
ig 1) et An) 0.00784 */ 


Supply voltage required to sustain constant current of 28A is given by 
V, = V3 (19.806) (50) = 1715.2V 


This shows.that maximum torque at low value of slip necessitates a large value of source 
voltage which is much higher than the rated source voltage. But acquiring such a large voltage 
is not feasible. Thus, a large value of maximum torque at low slip is not a practical possibility. 

In actual practice, saturation occurs and the magnitude of X_ is reduced, As a 


consequence, the value of maximum torque under constant-current mode has a much lower 
value than that computed here. 


Summary of Characteristics of Adjustable-frequency Induction-motor Drives. 
Speed-torque characteristics of a three-phase induction-motor drives depend upon the 
methods of control techniques employed. For different stator frequencies, a family of 
speed-torque characteristics as shown in Fig. 12.34 can be obtained. These characteristics 
can be subdivided into three regions; constant-torque region, constant-power region and high- 
speed series-motor region. A summary of these characteristics is reviewed here. 

Constant-torque region. As explained before, this region of constant torque can be 
obtained by volts/hertz control as shown in Fig, 12.29. In the low-frequency range of speed, 
the effect of stator resistance is compensated by a boost in the stator voltage as shown in Fig. 
12.55. In this region, stator current is kept constant at its rated value. Power, equal to the 
product of constant torque and speed, varies linearly with speed as shown. Slip frequency 
remains constant during this region. 


D | F .EasyEngi ing. 
© Wiki Engineering Sete none w “Www raghulorg © a 


Downloaded From : www.EasyEngineering.net 
Electric Drives [Art. 12.8) 513 


Constant-power region. When maximum speed, called base speed, is attained in the 
constant-torque region, stator voltage reaches its rated value. Motor speeds beyond base (or 
rated) speed are obtained by keeping stator voltage constant and lowering the stator 
frequency. 


Torque in a 3-phase induction motor is given by 


T= = (Power input to rotor) 
8 


-/is almost nearer to unity. 





T,= > Esl, (12.76) 
3 
Ey 





But rotor current, J,= == 
ae 

a td Xe 
At small slips, a 2X. This gives J, = — 
"9 


Substituting this value of J, in Eq. (12.76), we get 





AR 
Piette : 
/  «@, rg 


3P (E i 
anit eee.| 12.77 


Emf induced in rotor at stand-still, 
ca pho $1 °F 


= =7 Noha’ 91° Bev 
er 2 es 
This gives air-gap flux, $, « oO, 
From Eq. (12.77), T, 3 a0 


or priate 6," + W, ...(12.78) 
If stator impedance is neglected, then 
Vi> — Non 91° Foot 
2 Noni 91° * 
., Air-gap flux,  , « — 
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2 
st Vy 
From Eq. (12.78), T,= K ( * Wy 
) ee ‘Wo | 
ae Ss 12.19 
or T.=£E, >, | ( ) 


Per unit speed 


High speed series 
motoring region 


Constant power 
Maxm. all. region 


7 torque 
er ecales 


Constant torque 
region 

Maxm. 

L_ allowable torque 





Tarque | 


Fig. 12.34, Typical speed-torque characteristics of a 
3-phase induction motor with variable-voltage and variable-frequency power supply. 


Stator voltage, V, 
Motor torque,le | 
“, Constant power, P 







Stator current / , a a 
ev , . E | ea f 
Te ds “hy | a, 
cs reer — 
| 
| Az | | 
= e z 7 | | T if <_< 
Slip frequency | eS at 
| | | | 
| | ! 
=f ve Pow 
0 I Z 3° per unit 
Constant torque | Constant power | | High speed series speed 
o region ¥ region ~ motoring region ae 


Fig. 12.35. Stator voltage, current, slip-frequency, torque and power variation 
with speed for speed-torque characteristics of Fig. 12.34. 
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Eq. (12.79) gives approximate value of motor torque for a 3-phase IM working in the 
low-slip range. It shows that if IM is operated at constant stator voltage V, and constant 
rotor frequency @», the motor torque is inversely proportional to supply-frequency squared. 
In case slip (or rotor) frequency @ is increased linearly as @, is increased to obtain 

20), | | 9 | We 

high-operating speed - > rad/s then = is constant and therefore T,- ,=K:V," o, 
remains constant giving a constant power characteristic. During constant power operation, 
stator voltage is kept constant but stator frequency is raised. As a result, stator flux decreases 
or air-gap flux is weakened. In view of this, constant-power mode of a 3-phase IM is also 
called field- weakening mode of an IM. 

The upper limit of constant-power mode is reached when maximum working value of rotor 
frequency is reached. 

High-speed series-motoring region. From Eq. (12.79), 


wo," 


(12.79) 





die = Ky , 


After the constant-power region, high-speed series-motoring region is obtained. In this 
region, stator voltage V, and rotor frequency w, are maintained constant at their maximum 
values. It is seen from Eq. (12.79) that under constant V, and w, operation of a 3-phase IM, 
output torque T, is inversely proportional to supply frequency squared or T’, varies inversely 
as speed squared. In other words, T, +," remains constant and series-type characteristics 
are thus obtained, As this region corresponds to high-speed series-type characteristics, 
operation under constant Vj, @, and variable @, is usually referred to as high-speed 
series-motoring region. 

In Fig. 12.34, speed-torque characteristics at different stator frequencies in the 
constant-torque, constant-power and high-speed series-motoring regions are shown. The 
maximum torque, indicated by dashed line, is constant below base speed and decreases 
inversely with speed above base speed and upto ,=2.0. In the constant-torque and 
constant-power regions, maximum allowable torque is shown somewhat lower than the 
maximum or breakdown torque T.,,, just as a matter of precaution because inverter current 
carrying capability is limited. Maximum allowable 
torque is indicated by solid line in the constant-torque 
region and by solid-curve in the constant-power region. 


Arm.voltage Motor field 
conirol control 








ian | Constant 
Example 12.26. Is it possible to obtain | S59"! | power PS 
Ward-Leonard type of characteristics from a 3-phase | 


induction motor ? Discuss. 


| TOrgqoe®: Te «beesses en 
i 





Solution. Word-Leonard system of speed control 
for a separately-excited de motor gives torque-speed 
and power-speed characteristics as shown in Fig. 
12.36. A comparison of Figs. 12.35 and 12.36 shows 
that Ward-Leonard type of characteristics as obtained 


in a de motor can be obtained from a3-phaseinduction 0 2 Der mi 
motor. | 
Fig. 12.36. Torque-speed and 
. From base speed down to zero speed, the speed power-speed characteristics for 


control is obtained by (2) armature voltage control in Ward-Leonard system of speed control. 
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a de motor and (ii) stator voltage and frequency control in a 3-phase induction motor. In both, 
the flux is kept constant by keeping (7) field current constant in a de motor and (i) V/f 
constant in a 3-phase IM. Armature current in a dc motor and stator current in IM are kept 
constant at their rated values. In both, constant torque and variable power characteristics 
are obtdined from zero to base speed. 

Above base speed, the speed control is obtained by field-weakening method in both dc 
and ac motors. Constant power and variable torque characteristics are obtained in both types 
of motors as shown. Armature current in de motor and stator current in 3-phase IM are kept 
constant. In de motor, armature voltage is kept constant whereas field flux is weakened by 
decreasing the field current. In IM, stator voltage is kept constant and air-gap flux is 


weakened by increasing stator frequency but by keeping = constant. 
4 


12.8.5. Static Rotor-resistance Control 

In a slip-ring induction motor (SRIM), a 3-phase variable resistor R, can be inserted in 
the rotor circuit as shown in Fig. 12.37 (a). By varying the rotor circuit resistance Ry, the 
motor torque can be controlled as shown in Fig. 12.37 (b). The starting torque and starting 
current can also be varied by controlling the rotor circuit resistance, Fig. 12.37 (6) and (c). 
The disadvantages of this method of speed control are : (i) reduced efficiency at low speeds 


; * lh 


Speed) Ro>R7>Rp>1 





O. 7 Stator current 





a (6) (c) 
; Fig. thay Three-phase IM speed ants by rotor resistance (a) circuit arrangement 
(6) effect on developed torque (c) effect on stator current. | 
(ii) speed changes very widely with load variation (iti) unbalances in voltages and currents 
if rotor circuit resistances are not equal. In spite of these, this method of speed control is 
used when speed drop is required for a short time, as for example in overhead cranes, in load 
equalization etc. 

The three-phase resistor of Fig. 12.37 (a) may be replaced by a three-phase diode rectifier, 
chopper and one resistor as shown in Fig. 12.38 (a). In this figure, the function of inductor 
L, is to smoothen the current J,. GTO chopper allows the effective rotor circuit resistance to 
be varied for the speed control of SRIM. Diode rectifier converts slip-frequency mmput power 
to de at its output terminals. 

When chopper is on, V,.= V,=0 and resistance R gets short-circuited. When chopper 1s 
off, V,, = V, and resistance in the rotor circuit is R. This is shown in Fig. 12.38 (6). From this 
figure, effective external resistance A, 1s 
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3- phase supply 













Resistance 





1 Ton heen 7 
—- 







Slip freq 
power 4, 


Diode rectifier GTO e— T ——o 
(a) chopper (b) 
Fig. 12.38. (2) SRIM control by static variation of external rotor resistance 
(b) waveforms pertaining to Fig. (a). 
| R-Ti. R(T-T | | 
| (= it = a Rb) .. (12.80) 
Lo ee | 
where & = care duty cycle of chopper. 


Analysis of induction motor with chopper control. The equivalent circuit for 3-phase 
IM, diode rectifier and chopper circuit of Fig. 12.38 (a) is as shown in Fig. 12.39 (a). 


ry 







my , My: 





1¢ SRo=R(1-k) 


(b) 


Fig. 12.39 (a). Equivalent circuit for Fig. 12.38 (a), (6) its approximate equivalent circuit. 


If stator and rotor leakage impedances are neglected as compared to inductor Lz, 
equivalent circuit of Fig. 12.39 (6) is obtained. Stator voltage V, when referred to rotor circuit 
gives slip-frequency voltage as 

Vy 


Pe ar et ae 
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where E, = rotor induced emf per phase at stand-still 
V, = stator voltage per phase 
= ge ore curt, 2 = per phase turns ratio from rotor to stator 
stator effective turns, N, 


Voltage s E, =s a Vj, after rectification by 3-phase diode bridge appears as V, (rectifier 
output voltage). 


_ 3V in _ S$. 3:18 V, im 


ass V2 - sa V; = 2.339 saV, 
Tt Tt 


...(12.81) 
where V,,,, = _maximum value of phase tee = V2 sa V, 


Total slip power = 3 s P,. For no losses in the rectifier, this must be equal to Vj/, 


3s P= Vy 1, 
Per- phase developed power, P 








m=(l-s) P,; 
atti) Va f (12.82) 
Also, P..=T,- = we @, (1 -s) .(12.83) 
From Eqs. (12.82) and (12.83), we get 
Va I ==*) — T, * (0, (1 — 3) 
oo te igs 
or l,.2=— V; 
Substituting the value of V, from Eq. (12.81), we get 
l= Poona Pe (12,84 a) 
Load torque T, =87,, 
where T, = motor developed torque per phase. 
j= a ..(12,84 5) 
d "2.339 a V, 


Eq. (12.84) shows that inductor current J, is independent of motor speed. Assuming 
inductor to be ideal, de voltage at the rectifier output 

Vi ,=1,:R(1-&) 

V,=2.339s a V,=1,:R (1-%) 

fa PSP) ...(12.85) 
2.d39 -aV, 

0),, = @, (1 — §) 


ie (12.86 a) 
-o,|1 — ano ae : 


fF §-RQ-k) 
Also N=N, l= 2,339 -a Vi 


From Eq. (12.81), 


Slip, 
Motor speed, 


$= 
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Substituting the value of I, from Eq, (12.84 b) in Eq. (12.86 a), we get 
T,-O,:R(1--#)| | 
O,_ = 0, | 1 -————_+——__— ...(12.86 5) 
| (2.339 - a V,)" 

For fixed value of duty cycle, speed falls 
as load torque T, is increased. 

Each diode in Fig. 12.38 (a) conducts for 
120°. The waveform of rotor current i, is 
shown in Fig. 12.40. For a ripple-free output 
current J, it is seen from Fig. 12.40 that 


rms value of rotor current, 





iia = =\J 3 ‘Ia (12.87) ' Fig. 12.40. Rotor current waveform 
i avr for ripple-free J). 
Rotor current referred to stator, 


N a 
I= Ny Pa =al,=a-I,: \ 5 ...(12.88) 


Fourier analysis of the waveform in Fig. 12.40 can be obtained from Eq. (8.61). 
: eee i sin wt: d (ot) == I, | — cos o¢|” = 28 1, 


This gives fundamental component of rotor current as 


A, 23 V6 , 
In, = — Jo = ~ JB. a =. tt qa ...( 12.89) 


Fundamental component of rotor current referred to stator 


No | VG 4 
I= N, In; = a+ Ip, Sie ES La .. (12.90) 
Example 12.27. A 3-phase, 420V, 4-pole, 50Hz, star-connected SRIM has its speed 
controlled by means of GTO chopper in its rotor circuit. The effective phase turns ratio from 
rotor to stator ts 0.8. The filter inductor makes the inductor current ripple free. Losses in the 
rectifier, inductor, GTO chopper and no-load losses of the motor are neglected. Load torque, 
proportional to speed squared, is 450 Nm at 1440 rpm. 
(a) For a minimum. motor speed of 1000 rpm, calculate the value of chopper resistance R. 
For the value of K obtained tn part (a), if the speed ts to be raised to 1320 rpm, calculate. 
(b) inductor current (c) duty cycle of the chopper (d) rectified output voltage (e) efficiency 
in case per-phase resistances for stator and rotor are 0.015 Q and 0.02 Q respectively. 
Solution. Per-phase stator voltage, 


Vy =242.5V 


Load torque at 1000 rpm, T, = 450 pee = 217.01 Nm 
Synchronous speed, @, = axe = 50 n rad/s 
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Minimum motor speed, @n ma =e = 104.72 rad/s 
(a) From Eq. (12.84 6), the inductor current, 
217.01 x 507 es 
ls 3399 x0.8x 242.5 (1224 


For minimum motor speed, duty cycle k =0 in Eq. (12.86 a). 


I,:R(1-0) 
Om -mn = s| 1 ~~ 9 339 GV, 
ee io.dee Kee 
ise ae r|1- 2.339 x 0.8 x 242. 4 
This gives R=2.01384 92 
1320) | 
(6) New load torque at 1320 rpm, T, = = 450 1440 = 378.125 Nm 
Inductor current from Eq. (12.84 5) is 
, ___ 378.125 x 507 Pe i 
‘a = 3.339 x 0.8x 242.5 190894 
(c) ou= ee = 138.23 rad/s. 





From Eq. (12.86 a), 138.23 =50n| 1 —- 


= 50 n [1 — 0.5808 (1 — k)] 
. Duty cycle of chopper, & = 0.7934 


2.d09 X 0.8 x 242.5 


130.895 x 2.0134x(1-k 


a, _ 1500-1320 ..,, 
(d) Slip, s= = “Sena s 0.12 
From Eq. (12.31), V,= 2.339 x 0.12 x 0.8 x 242.5 = 54.452 V 


(e) Power loss in chopper resistance 

= VJ, = 54.452 x 130.895 = 7127.5 W 
Also, power loss in chopper resistance 

=],°-R(1-k) 

= (130.895)* x 2.0134 (1 - 0.7934) =.7127 W 
From Eq. (12.87), inductor current referred to rotor, 


I= \/2 I= \2 x 130.895 = 106.88 A 


Total rotor ohmic loss 3I,” ro = 3 x 106.88" x 0.02 = 685.4 W 
From Eq. (12.88), stator current, 
I, =al, =0.8 x 106.88 = 85.504 A 
Total stator ohmic loss = 83I,’r, =3 x 85.504’ x 0.015 =329 W 
Power output =T, - w,, = 378.125 x oe = 52268.25 W 
Power input = §2268.25 + 7127.5 + 685.4 + 329 = 60410.15 W 
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92268.25 _ _ | 
60410. 15 * 100 = 86.52 

Example 12.28. A 3-phase, 400 V, 50 Hz, 960 rpm, star- connected SRIM has the following 
per-phase parameters referred to stator : 

r,=0.1 2, Fo = 0.08 Q), Ay =%,=0.3 2, A,, =0 

Per-phase turns ratio from rotor to stator = 0.7 

Speed of this motor is controlled by a GTO chopper in its rotor circuit. For a speed of 800 
rpm, the inductor current ts 110 A and the chopper resistance is 2 Q. Calculate 


Efficiency = 


(a) the value of chopper duty cycle 
(b) efficiency for a power output of 20 RW and for negligible no-load losses. 
(c) the input power factor. 


Solution. (a) Per-phase voltage = = 230.9 V 
Synchronous speed, N, = 1000 rpm 






110*2(1-—) 
2.a09 * 0.7 x 230.9 





From Eq. (12.86 a), 800 = 1000 1 _ 
This gives chopper dirty cycle, k = 0.656 
(6) Power loss in chopper = Dy _R(1-k)= 1107 x 2 (1- 0.656) = 8324.8 W 


Kms value of rotor current referred to stator, from Eq. (12.88), is 


I=a-Ty WS =0.7x 110x°)2 = 62.87 A 


Power loss in stator and rotor resistances 
= 3 (62.87)" x (0.1 + 0.08) = 2134.4 W 


Power input = 20,000 + 8324.8 + 2134.4 = 30459.2 W 
Sees 20,000 
icient Sats — CK are 
Efficiency 30459 9 ™ 100 = 65.66% 
(c) From Eq, (12.90), fundamental component of rotor current referred to stator is 
6 1 

y=, a-l,= 8 (0.7) x 110=60,04 A 

Power input =13 x 400 x 60.04 x cos 6 = 30459.2 W 


Dee = GS Tee ee 
Input pr= 73 x 400 x 60.04 = 0.7323 lag 


12.8.6. Slip-Power Recovery Schemes 


In chopper method of speed control for SRIM, the slip power is dissipated in the external 
resistance and it leads to poor efficiency of the drive. However, instead of wasting the slip 
power in the rotor circuit resistance, it can be conveniently converted by various schemes for 
the speed control of SRIM. Two important slip-power recover schemes are static Kramer drive 
and static Scherbius drive. These are now discussed in what follows. 

12.8.6.1. Static Kramer Drive. The circuit configuration for static Kramer drive is 
shown in Fig. 12.41. The slip-frequency power from the rotor circuit is converted to de voltage 
which is then converted to line frequency and pumped back to the ac source. As the slip power 
can flow only in one direction, static Kramer drive offers speed control below synchronous 
speed only. 
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f : - 7 j 
Diode rectifier Line commutated 
inverter 


Fig. 12.41. Static Kramer drive. 

The slip power from rotor is rectified to dc voltage by diode bridge. Inductor L, smoothens 
the ripples in the rectified voltage V,. This voltage V,, is then converted to ac voltage at line 
frequency by line-commutated inverter. As the power flow is from rotor circuit to supply, static 
Kramer drive offers constant-torque drive. As stated before, this scheme offers speed control 
below synchronous speed only. Simplified torque and speed expressions for this drive can be 
derived as follows. 

Rotor voltage per phase =sE, 


and s=slip 
Voltage si» is rectified to V, by diode bridge. Uncontrolled output voltage of diode rectifier, 


where #, = per phase rotor e.m.f. at standstill 


from Eq. (6.37), is | 
3 X maximum value of input line voltage 





Va = I 
3V2 (V3 sE.) 3/6 |. 
— 
1 Tv 

E,  V- No 
But pon ean or Rie VOSS 

No Ny fis telly: 

ae effective rotor turns per phase, N,' 
' effective stator turns per phase, N,,’ 
VY, =supply voltage per phase. 


Va = ae saV, = 2 339 saV, »A12.91) 


=a V, 


where 


For three-phase line-commutated inverter, average de output voltage (with no 
transformer) is 
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Vye=— 288 y, - cos 0 90° <a@ = 180° 


Here negative sign is used to confirm to the firing angle range. 
At no load, electric torque T, is negligible and de link current J, is almost zero. 
Consequently, the two direct voltages of Eqs. (12.91) and (12.92) must balance. Thus, 
2.339 SaV, =— 2.339 V, cos & 


or Slip, s=- + cos (12.93) 


Ifa =1, slips =- cos a. For a= 90°, s = 0 (speed synchronous) and for «= 180°, s=1 (speed 
zero). This shows that no-load speed of the motor can be controlled from near stand-still to 
full speed as firing angle o is varied from almost 180° to 90°. 

In practice, rotor circuit voltage is less than stator voltage and therefore, a < 1. Thus, a 
3-phase transformer is often required between the ac supply network and the inverter in 
order to step down the supply voltage to a level that is appropriate to V,. Let the transformer 
turn-ratio be a; where 

per phase input voltage to inverter, V; 
“?~"~~per phase supply voltage, V, 

AG voltage across inverter terminals, V, =a: V,. The inverter de voltage V,,, from Eq. 

(12.92), is given by 


Vu.= = 28 ap: V, cos @ 
= — 9 339 - ap: V1 cos @ ...(12.94) 


With the use of transformer, from Eqs. (12.91) and (12.94), we get 
2.339 saV, =— 2.339 a;- V, cos o 


at = 
or slip, s=- = cos & (12,95) 


In order to develop motor torque, a rvtor current J, is required and the rectifier rotor 
voltage V, must force a current J, against the inverter dc voltage V,,. When the motor is 
loaded, speed falls and the increased rotor voltage sE, can overcome the voltage drops in the 
rotor windings, in the dc link circuit and the converters. 

If resistance of the rotor circuit and inductor L, are neglected, then 


total slip power, 38P,= Vue 1g 
3s -@,-T,=Va.- 1, 
or | _ Vae ‘ta ...(12.96) 
e385: to, 
Substituting in Eq. (12.96), the values of s from Eq. (12.93) and V,,. from Eq. (12.92), we 
pet 
7 = 2:339.Vi cos Oo Ty _ 2.339 ¢ Vita (12.97) 
F 1 3 0, 
3-—-cos O- @, 
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_ When a transformer is used in Fig. 12.41, then substitute in Eq. (12.96), the values of s 
from Eq. (12.95) and V,, from Eq. (12.94) and we get 
Z 2.339 -ap-V,cosa-I, _ 2.339 4 Vide 


3 a ...(12.98) 


ie ; 
3-—-cosa- a, 
a 


An examination of Eqs. (12.97) and (12.98) reveal that these equations are valid whether 
a transformer is used in the static Kramer drive circuit or not, It is observed from Eq. (12.97) 
or Eq. (12.98) that steauy state torque is 
(¢) proportional to de link current, J, 
(tt) proportional to stator supply voltage, V, 
(11t) proportional to effective rotor to stator turns ratio, a 
and (iv) inversely proportional to synchronous speed, «,. 


The de link current J, is given by 


{ee ce ee 
'@~ resistance of de link inductor, R, 
or Va = Vaet+lq: Rg = 2.339 saV, 
Vaeti,y: A 
Slip, g = tet Ne 


~ 2.3394 V; 
- 2.339 -ap- V, cos & IR, 


a 2.339 aV, "2.339 aV, 
P Op | | qi . Ry 
= ae 2 OS0aY, 


Motor speed w,, is given by 


©, =, (1 —$) 


ap I, Ry | 
= ] + — cos ¢ — ——=— a9 0a 
0 + —- cos oF 2.339 - aV, ...(12,99) 
Under steady state, from Eq. (12.98), total torque 3T., is given by 
ere 
8T,, = T;, = 2.339 Ash 
a 
Fee Ty, oe 
Substituting this value of 1, in Eq. (12.99), we get 
, _ ar | W, ° Ka A. 
0), = 0, | 1+— cos o - —————_,, -T .(12.101 
| a (2.339 aV,)" : | | 
ap | ; 
=,|1+—cos a-KT;| ...(12,102) 


w, 
where , =—— 4. 
(2.339. aV,) 
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From Eg. (12.101) or (12.102), the = speed 
no-load speed of the drive is given by 


o 


tT af 
®,, = , A 4 at cos a (12,103) 
iL ! 


From Eq. (12.101), the speed-torque 
characteristics of static Kramer drive 
shown in Fig. 12.41 are plotted, for 
different firing angles, in Fig. 12.42. It 
is seen that these characteristics are 
similar to a separately excited de motor 
with armature voltage control. 


Per unit speed —. 
o 


Static Kramer drive systems are | 
used in large power-pumps and 0 
compressor type loads where speed 
control is within narrow range and Fig. 12.42. Speed-torque characteristics of 
below synchronous speed. static Kramer drive for open loop system. 


isp so. LS 2.0 pu. 
torque 


Example 12.29. A 3-phase, 420 V, 4-pole, 50 Hz, star-connected SRIM has its speed 
controlled by means of static Kramer drive. The effective phase turns ratio from rotor to stator 
is 0.8 and transformer has phase turns ratio from I.v, to h.v. as 0.4. The inductor current ts 
ripple free. Losses in diode rectifier, inductor, inverter and transformer are neglected. The load 
torque is proportional to speed squared and its value at 1200 rpm is 450 Nm. For a motor 
operating speed of 1000 rpm, calculate. 

(a) rotor rectified voltage (b) inductor current (c) delay angle of the inverter (d) efficiency, in 
case inductor resistance is 0.01 Q and per-phase resistances for stator and rotor are 0.015 Q and 
0.02 Q respectively. 

(e) For the firing angle obtained in part (c), the load torque is increased to 500 Nm, find 
the motor speed. 

Solution. (a) Per-phase stator voltage, 

, . 420 
Vi= V3 - 242.5 V 


a , - 1500-1000 _1 
Ps ~~ 1500 3 


Turns ratio from rotor to stator, a=0.8 
From Eq. (12.91), rectified voltage, 
V,=2.339 saV, 


= 2.839 x > x 0.8 x 242.5 = 151.26 V 
| 1000) 
(b) Load torque at 1000 rpm, T, =450x Hao) = 37, =312.5 Nm 
Synchronous speed, wo, = oh = a = 507 rad/s 
From Eq. (12.100), inductor current is 
ie oo, Ty - 00n x 312.5 - 108.18 A 


~ 2.339 aV, 2.339x 0.8 x 242.5 
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(c) FromEq. (12.95), s = <2 erates 
or 


3 
—y{ 3 | 
a= cos (- aI 131.81° 


(d) Power fed back to supply 
= Vly = 151.26 x 108.18 = 16363.31 W 
Power output =T; - ,, = 312.5 x oe = $2724.92 W 


Loss in inductor =J,"-R,=(108.18)* x 0.01= 117.03 W 


Rotor current, Ih=\5 I= Ve * 108.18 = 88.33 A 


Rotor ohmic loss = 3I,* rp = 3 (88.33)" x 0.02 = 468.13 W 
stator current, /,=aJ,=0.8 x 88.33 = 70.664 A 
Stator ohmic loss = 3 (70.664)" x 0.015 = 224.70 W 


Power input = $2724.92 + 468.13 + 224.70 + 117.03 = 33534.78 W 
Efficiency = aoueeee x 100 = 97.58% 
~ 33534.78 
te) From Eq. (12.101), we get motor speed as under : 
w,, = 50n| 1+ 2= cds 131.819 = — 2X00} X00 
0.8 (2.339 x 0.8 x 242.5) 


= 104.121 rad/s or 994.3 rpm. 

Example 12.30. A static Kramer drive is used for the speed control of a 4-pole SRIM fed 
from 415 V, 50 Hz supply. The inverter is connected directly to the supply. If the motor is 
required to operate at 1200 rpm, find the firing advance angle of the tnverter. Voltage across 
the open-circuited slip rings at stand-still ts 700 V. Allow a voltage drop of 0.7 V and 1.5 V 
across each of the diodes and thyristors respectively. Inductor drop is neglected. 

Solution. Rotor induced emf at stand-still = 700 V (line) 

Y00 





E,= Va V 
i _ 1500-1200 _, 
Slip, f= —aSnive = 0.2 
DC voltage across the diode rectifier is 
3V6 sE om Y 
y= eo Se _ 9 9.7 = NZ x02 700_ 5 4 
It Tt 

Inverter dc voltage is given by 

V tc ee cos @-2*x 5 
With no voltage drop in inductor, V,. = V, 

> ne 415 cos +3 = SAX 02% 700_ 4,4 
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— 184.6379 x r 
av2 x 415 
.. Firing advance angle of inverter = 180 — a = 180° — 109.24° = 70.76° 
Example 12.31. Repeat Example 12.30 in case there is an overlap angle of 18° in the | 
rectifier and 4° in the inverter. 


or a = cos” | |- 109.24° 





Solution. Average output voltage for 1-phase full converter, with overlap, is given by Eq. 
(6.45), which is reproduced here, for convenience. 


a 
Vea [cos a@ + cos (o + LL)! 


Similar expression for a 3-phase full converter with overlap will be given by 








3 Vo= <n [cos @ + cos (& + [1)] 
For uncontrolled rectifier bridge, de output voltage is 
i= hd [cos 0° + cos (0° + 18°)] —2 x 0.7 
= 3N6 x 0.2 x 700 


[1 + cos 18°] —-1.4= 183.012 V 





2m x V3 
Similarly, inverter de voltage is 
V | 
Vie=- tt = a (cos @ + cos (a + of —-2x 15 
__ [82 x 415 
rs Qn 
=— 280.18 [cos a+ cos (a+ 4°)] +3 
With no-voltage drop in inductor, 





(cos @+ cos (a+ ©} | 


Vae=Va 
7 — 280.18 [cos o + cos (0 + 4°)) + 3 = 183.012 V 
or cos @ + cos (a + 4°) =— 0.6425 
cos 0 + cos a: cos 4°-—sin a@ sin 4° =-— 0.6425 
1.9976 cos « — 0.07 sin a =—0.6425 Ad) 
Note that A cos a—B sin a= VA’ +B? cos (a + 8) 
_i1B 
where 6=tan A 
_~— are 1.99762 + 0.072 | co ae 1 0.07 
Eq. (i) gives 1.9976 cos a — 0.07 sin o = V1,9976"° + 0.07 cos Ge tan” 1 | 
=— 0.6425 
or 1.999 cos (a + 2°) = — 0.6425 
or a= 106,75° 


Firing angle of advance of inverter = 180 — 106.75° = 73.25". 


Example 12.32. Using the data of Example 12.30, find the voltage ratio of the transformer 
to be interposed between supply and the inverter for a minimum speed of 1200 rpm. 
36 sE, ae 


Solution. Here V, paras cai" and V,.=- ‘ap: V,« cos o 


For an ideal inductor, Via = Vac 
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ee 
3N6 sE, eS 3V6 ap: Vy 





—~ ar Vi, cos a or s=- ‘COs a 


T E, 
| Minimum speed means maximum slip. Here s would be maximum in magnitude when 
firing angle of the inverter a = 180°. | 





ar: Vy SE 0.2700 140 
s=— . 2 = = 
Eyre Sad Ve ate SS 


“. Transformer voltage ratio per phase from h.*. to 1.v. is 415/140 or a7 = 0.3373, 


12.8.6.2. Static Scherbius Drive, In static Kramer drive, speed of SRIM can be con- 
trolled below synchronous speed only. For the speed control both below and above synchronous 
speed, static Scherbius drive scheme is used. There are two possible configurations to obtain 
such a drive; these are (i) DC link static Scherbius drive and (b) cycloconverter static 
Scherbius drive. These are discussed briefly as under. 

DC link Scherbius Drive. In subsynchronous speed control of WRIM, slip power is 
removed from the rotor circuit and is pumped back into the ac supply. In supersynchronous 
speed control, the additional power is fed into the rotor circuit at slip frequency. The circuit 
diagram of Fig. 12.43 allows both subsynchronous and supersynchronous speed control. It 
eee of one WRIM, two phase-controlled bridges, smoothing inductor and a transformer 
as shown. 


dphase ~ 
supply - 





| Transformer 






Bidirectional 
slip power,+ SP, i 


7 7 = 


Phase controlled Prase controlled 
bridge 1 bridge 7? 


Fig. 12.43. DC link static Scherbius drive. 


For subsynchronous speed control, bridge 1 has firing angle less than 90° whereas bridge 
2 has firing angle more than 90°. In other words, bridge 1 works as rectifier and bridge 2 as 
line-commentated inverter for subsynchronous motor control. The slip power flows from rotor 
circuit to bridge 1, bridge 2, transformer and to the supply. 

For supersynchronous motor control, bridge 1 is made to work as line-commutated 
inverter with firing angle more than 90° and bridge 2 as a rectifier with firing angle less than 
90°. The power flow is now from the supply to transformer, bridge 2, bridge 1 and to the rotor 
circuit. 
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Near synchronous speed, slip frequency emfs are insufficient for natural commutation of 
thyristors. This difficulty can, however, be overcome by using forced commutation. Thus, the 
provision of both subsynchronous and supersynchronous speed operation complicates the 
static converter system and nullifies the advantages of simplicity and economy which are 
inherent in a purely subsynchronous drive. In addition, static Scherbins drive is expensive 
than static Kramer drive because six diodes are replaced by six thyristors and their controlled 
circuitry. , ) 

Cycloconverter Scherbius Drive, The dual controlled converter system used in de link 
Scherbius drive is now replaced by one phase-controlled line-commutated cycloconverter as 
shown in Fig. 12.44, Such schemes are used for very high-power pumps and blower-type 
drives. Cycloconverter permits the slip-power flow in either direction and the machine can, 
therefore, be controlled in both subsynchronous and supersynchronous ranges with motoring 
and regeneration features. As the slip power is either returned to, or taken from, the supply 
mains, cycloconverter static Scherbins drive offers constant-torque drive scheme. 


da phase 





Bidirectional slip 
power flow, =sPg 


Fig. 12.44. Cycloconverter static Scherbius drive: 


12.9. SYNCHRONOUS MOTOR DRIVES 

Synchronous motors have two windings, one on the stator is three-phase armature 
winding and the other on the rotor is the field winding. The three-phase winding on its Cor 
is similar to the 3-phase winding on the stator of a 3-phase IM. Field winding is excited wit 
de and it produces_its own mmf called field mmf, Three-phase stator winding eae 
three-phase balanced currents creates its own rotating arm ature mmf. The two mmfs te. 
together to produce resultant mmf. The field mmf interacts with the resultant mmf to prot Eee 
electromagnetic torque. A synchronous motor runs always with zero slip, Le. at synchronous 
speed given by Eq. (12.43). Power factor of synchronous motors can be controlled by varying 
its field current. 

For the speed control of synchronous motors, both inverter and cyclonverters are 
employed. The various types of synchronous motors are . 


(z) Cylindrical rotor motors 
(it) Salient-pole motors 
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(ut) Reluctance motors 
(vi) Permanent-magnet motors. 
These are now described briefly in the following lines. 
12.9.1. Cylindrical Rotor Motors 
These motors have uniform air gap. The per-phase equivalent circuit for a 
cylindrical-rotor synchronous motor is given in Fig. 12.45 (a). In this circuit, #, = excitation 
voltage = V2 -n-f--N,,,- ko, V; = armature terminal voltage, r, = armature resistance, A, = 


synchronous reactance and 4, = Vr,’ +X,” is called the synchronous impedance. 





(6) 


(a) 
Fig. 12.45. Cylindrical-rotor synchronous motor 
(a) equivalent circuuit and (6) its phasor diagram at a lagging pf load 


It is seen from the equivalent circuit that 


V,=E,+1,- 2, 
or NS ...(12.104) 
E 


Eq. (12.104) shows that armature current J, is the difference of two currents — and 7’ 
ot 5 
lagging behind their respective voltages by impedance angle 0, as shown in Fig. 12.45 (6). 


Here impedance angle 0, is given by 


Mie 


Power input to the motor is given by 
P.,, = V, (Component of J, in phase with V;] 


In the above expression, subcripts i and m denote input and motor respectively. 
It is seen from Eq. (12.104) and Fig. 12.45 (b) that the component of J, in phase with V, 


| eee meee 
18 Z. cos 8, - Z. cos (6+ eo} 
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¥ & 
P=, iF cos 6, — =! cos (8 + °o| 


Zz. Z, 
ves V,-E 

= cos 0, - +— cos (6 + 6,) (12.105) 
Z. Z, 


r | 
Now cos 67 = z and 8, = (90 —o,). Substituting these in Eq. (12.105), we get 


v E;-V, 





Pin = — oy Pg - — py — c08 |(5 — 0) + 90° 
nr ae abate aie tor} 
.V, V7 
an ed GO eats Te rele | | 
== eh sin (6 %) +72 r. ...(12.106) 


Power output from the motor, P, ,,, = Ey [component of J, in phase with E, 


It can be proved similarly that 
| ) a 8 Rk? 
eee Pes ~ 2 f | 
Pe = Z. Sl (6 * ct) - 72 ‘ Fe .. (12.107) 





i 
Here P,,, is the developed power and shaft power = P,,,, — rotational losses. 
<P 1|E;-V, Ei 
Developed torque, 7. =—°@ =—|—O—t gin (64q,)-—L.) 
ope rque, T, i well we: sin (6 + c,) Zz? r 


If armature resistance is neglected, then 


E.-V, 
Papas ara sin 8 (12.108) 
# 


| E;- V, 
and Tiny Se bans (12.109) 
 e, 
where w, = ant = synchronous speed in rad/s. 
and 5 = load, or power, angle 
The torque versus load angle characteristic for a cylindrical-rotor synchronous motor is 


shown in Fig. 12.46 (a). For stable operation of synchronous motor, the load angle 6 should 
never exceed 90°. 







Rated Half rated 


| 
- torque ; torque 







be oe = 


No load 






Leading pf 





0 go? 10° § | unity pf | Ty 


(a) (b) 
Fig. 12.46. Cylindrical-rotor synchronous motor 
(a) torque- angle characteristic and (6) its V-curves. 
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Power factor of a synchronous motor depends on the field current. The variation of 
armature current with respect to field current for different loads on the synchronous motor 
is shown in Fig. 12.46 (6). As the shape of these curves resemble the letter V, these are called 
V-curves of a synchronous motor. Note that V-curves are obtained for constant shaft load and 
for constant terminal voltage. Unity pf curve is shown dotted. For low values of field current 
(under-excitation), synchronous motor operates at a lagging pf. As the field current is 
increased, it would start operating at unity pf (normal excitation). If the field current is still 
increased beyond the unity pf point (over-excitation), synchronous motor begins to operate at 
a leading pf. 


The power given by Eqs. (12.107) and (12.108) and torque of Eq. (12.109) have per-phase 
values. For 6=90°, pull-out power P,,, and pull-out (or maximum) torque T,_,, are obtained. 








E,:V | | 
P= ...(12.110) 
Lx A, 
| at a ed rh 11) 
and Tey ee (12.111) 


For fixed field excitation, the excitation emf £;is directly proportional to supply frequency. 


, E 
The synchronous reactance X, is also directly proportional to frequency. This shows that z 
= 


in Eqs. (12,110) and (12.111) is independent of frequency variation. If supply voltage V, is 
: V 

varied in proportion to frequency so that V,/- or — is constant, then pull-out torque, Eq. 
5 


(12.111) remains constant. Pull-out power P_.=T,,, * w,, however, rises linearly with speed 
as shown in Fig. 12.47. 


At base speed (w,= 1.0), rated voltage and 
rated frequency are reached. Beyond base speed, 
rated voltage is kept constant, but inverter 
frequency can be increased to obtain higher 
operating speeds of synchronous motor. 







! 
ee ee 


Pix 
=== == === ed 
T,= consiant 

a oo ee | es ee 


With constant field excitation, increase in 


E, 
frequency keeps x constant as stated before. 
With supply voltage remaining constant above 
base speed, pull-out power, Eq. (12.110), 


remains constant, but pull-out torque 


ise gee 1.0 7.0 per unit 
Constant torque¢Constant power == frequency 


I x a : a a - 5 - | 
=—-fP_. falls inversely with rise in speed as ‘Fig. 12.47. Variation of pull-out torque, pull-out 
O, power, terminal voltage and armature current 
shown in Fig. 12.47, with frequency for a synchronous motor. 


Example 12.33. A 3-phase, 400 V, 50 Hz, 6 pole, star-connected round-rotor synchronous 
motor has Z,=0+j2. Load torque, proportional to speed squared, is 340 Nm at rated 
synchronous speed. The speed of the motor is lowered by keeping V/f constant and maintaining 
unity pf by field control of the motor. For the motor operation at 600 rpm, calculate (a) supply 
voltage (b) the armature current (c) the excitation voltage (d) the load angle and (e) the pull-out 
torque. Neglect rotational losses. 
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Solution. (a) For 600 rpm, the supply frequency, 


P-N, 6x 600 
f=q20) = em eo 
As ; is constant, the supply voltage V, is given by 
V, 400 | 
— = ———— a 8=240V 
30 ~ 50 V,=30x 
(6) Load torque at 600 rpm, 
2s 
349 | 299.) — 30: | 
T, =340 To = 122.4Nm 
Power output, P=T,:-0,=T,-@,=122.4x ae = 7690.62 W 
As rotational losses are neglected, V3 V, I, cos 0 =P 
ti ay 7 =. 1680.52.— — 
.. Armature current, J, = Vax 240x1 18.50 A 
(c) X, =e x 2-129 


* 60 
Per-phase supply voltage, V,= ane = 138.57 V 
‘r-pnea : bs "¢ Va 
Per-phase armature current, [,=18.50.A 
From the phasor diagram, excitation voltage is 


+ (18.5 x 1.2) ' 
= 140.34 V per phase Fig. 12.48. Phasor 





eat , diagram pertaining to 
Line value of excitation voltage Example 12.33. 
= V3 x 140.34 = 243.07 V 


(d@) From the phasor diagram of Fig. 12.48, we get load angle 5 as 


6=tan v, Jet 138.67 }220 


(e) Dem =o X 7 20n 3 = 773.77 Nm. 


12.9.2. Salient-pole Motors 

The armature winding on the stator of a salient-pole motor is similar to that of A 
cylindrical-rotor motor. Field winding on the rotor is a concentrated winding on the salient 
poles. In this type of motor, the air gap is not uniform. For analysis purposes, its armature 
current is resolved into two components, called direct-axis current J, and quadrature-axis 
current J,. Likewise, there are two reactances, X, = d-axis synchronous reactance and X, = 
g-axis synchronous reactance. 

The phasor diagram of a salient-pole synchronous motor with negligible armature 
resistance is shown in Fig. 12.49 (a). It is seen from this phasor diagram that 
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V,=E+jlgXa+J 1, X, (12.112) 
I, = 1, sin (8 — 6), I, =1, cos (0 — 8) 
Also, V,sind=1,-X, =X, - I, cos (6 - 8) 


=X_I, [cos 8 - cos 6 + sin 8 sin 5] 
sin 6 [V, -1, X, sin 6] =X, - I, cos 6 - cos 8 
I, X, cos 8 
— a “4g » 417 
tan 6= V,-1, -X, sino (12.113) 
Power P is given by P=V,cos6 (current along g-axis) + V,- sin 6 (current along d-axis) 
=V,-cosé-J,-V,-sin6- I, ...(12.114) 
But qi Xu= V, COs é-E, 
5 V, cos 6 — E, 
Ay 
| V, sin 6 
I,X,=V,sin8 or I,= x : 
Substituting these values of I,, J, in Eq. (12.114), we get 


E,-V Vee 
Pa —l_— sin § + —- = — = Iain 25 (12.115) 
| ne 2 ix x,| 


or fy: 





Te | 





_ Resultant torque 





! Fig. 12.49. Salient-pole synchronous motor. 
(a) its phasor diagram and (5) its torque versus load angle characteristics. 


The power in Eq. (12.115) has two components. The first component “tt sin 6, similar 
bai ease of round-rotor motor, is called electromagnetic power. The aie component 
“t | x = = ‘sin 2 6is called the reluctance power, as it is present due to different reluctances 
along direct axis and quadrature axis. 

Developed torque T, 1s given by 


Diag | x, sind+> x. ~X, sin 28 Baie 


Downl From : www.EasyEngineering. 
© Wiki Engineering See eee eee ee 


Downloaded From : www.EasyEngineering.net 


Electric Drives Art. 12.9] 535 


As for power, the first and second components in Eq. (12.116) are called respectively the 
electromagnetic torque and the reluctance torque. 

The torque 7, versus load angle 6 characteristics are drawn in Fig. 12.49 (6) with the 
help of Eq. (12.116). It is seen that torque is maximum at a load angle less than 90°. 

12.9.3. Reluctance Motors 

A salient-pole synchronous motor connected to a voltage source runs at synchoronous 
speed. If its field current is switched off, it continues running at synchronous speed as a 
reluctance motor. Thus, a machine designed to operate as a reluctance motor is similar to a 
salient-pole motor with no field winding on the rotor. Three-phase armature winding produces 
rotating magnetic field in the air gap. This rotating flux induces a field in the rotor which 
tends to align itself with the armature field, thus producing a reluctance torque at 
synchronous speed. 

Reluctance motors are used for low power drives where constant-speed operation is 
required and where more than one motor is needed for the job so that number of motors can 
run in synchronism. | 

With zero field current, Z-= 0 and the phasor diagram for a reluctance motor cab be drawn 
from Fig. 12.49 (a) by making E,-= 0, this is shown in Fig. 12.50 (a). From this figure, power 
P is given by 

P=V,-cos8-I,-V,-sin 61, 
It is seen from Fig. 12.50 (a) that 





V, sin 6 V, cos 6 
ie = x, and qa = Pa 
Substituting the values of I, and I,, we get power P as 
VF ab wale ts 
P 2 [xx] 26 ...(12,117) 


Phasor diagram of Fig. 12.50 (a) reveals that 
V,sin6=I, X, =X, - I, cos (6 — 8). 
I, %, cos @ 


This gives §=tan +> ——— fe 
£1 tan V,-1, x sin 0 ...(12.118) 





C 


. | (a) | (b) 
Fig. 12.50, Reluctance motor (a) its phasor diagram and (5) its torque-angle characteristics. 
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Reluctance torque, from Eq. (12,117) is 


27. | 
ee ld ag Fe oth gh ce 
aah 3 ye |e (12.119 
iis ar Fe xX, sin 26 ( ) 
Pull-out torque T,,, is obtained when 6 = 45° 
a 
Tote tye sk. ..(12,120) 
om 20, (4, Ag) 


Variation of reluctance torque with load angle is shown in Fig. 12.50 (6). 
Example 12.34. A 3-phase, 400 V, 50 Hz, 4 pole, star-connected reluctance motor, with 
negligible armature resistance, has X,=8 Qand X,=2. For a load torque of 80 Nm, 


calculate (a) the load angle (b) the line current and (c) the input power factor. Neglect rotational 
losses. 


Solution. (a) Synchronous speed, @, = ay = meet = 507 rad/s 
, oe Poa 3/400);1 1 | 
From Eq. (12.117) P=T,-@,=80 x 50n = : aa) E- 3| sin 26 
= gin7? 80x50n%8/| .. . 
‘§ = sin ae 3 | 12.383 


(b) Per phase voltage, V, = = 230.95 V 


Y,cos6é 930.95 x cos 12.382° 


is ye ee ASTA 
_V¥;8in6 _ 230.95 x sin 12.383° _., 76) 4 
q xX, 2 
-, Armature current, I, = VI,’ +1," = 28.197° + 24.761" = 37.53 A 
(c) V3 V,I, cos @=T, - 0, 
13 x 400 x 37.53 x cos @=80 x 50n W 
.. Input pf Sete SL = 0.4833 lagging. 





3 x 400 x 37.53 
12.9.4. Permanent-magnet Motors 


A permanent-magnet synchronous motor (PMSM) is similar to a salient-pole synchronous 
motor without the field winding on the poles. In PMSM, the required field flux is produced 
by permanent magnets mounted on the rotor. In these motors, the excitation emf E, cannot 
be varied. All the equations governing the performance of a salient-pole synchronous motor 
are also applicable to PMSM with excitation emf Z, taken as constant. The absence of field 
winding, de supply to field winding and two slip rings leads to reduction in motor losses. For 
the same frame size, PMSM has higher pull-out torque and more efficiency as compared to 
salient-pole motor. 


These motors are used in robots and machine tools. APMSM can be fed from rectangular 
current source or sinusoidal current source. Arectangular current-fed motor has concentrated 
winding on the stator and is used in low-power drives. A sinusoidal current-fed motor has 
distributed winding on the stator and is used in high-power drives. 


D | F .EasyEngi ing. 
© Wiki Engineering Sano: WwW “Www raghulorg © a 


Downloaded From : www.EasyEngineering.net 


Electric Drives [Art. 12.9] 537 


PROBLEMS 


12,1, (a) Give the concept of electric drive. Illustrate yore answer with examples. 

(6) Give two methods of speed control normally employed for de motors. Hence, sketch the charac- 
teristics of a separately-excited de motor based on these two methods. Indicate clearly constant-torque 
drive and constant-power drive regions. 

(¢) Write down the basic performance equations for a de series motor, Sketch also the characteristics 
of this motor indicating the two regions of constant-torque mode and constant-power mode. 

12,2, (a) Give the general circuit layout for single-phase de drives. Enumerate the various 1-phase 
de drives used. 

(6) Describe single-phase half-wave converter feeding a separately-excited de motor. Illustrate your 
answer with waveforms and appropriate expressions. 

(c) The speed of a separately-excited de motor is controlled through single-phase half-wave contral- 
led converter from 2350-V mains. The motor armature resistance is 0.56 92 and motor constant is 
K=0.4 V-s/rad, For load torque of 20 Nm at 1500 rpm and for constant armature current, calculate (i) 
firing-angle delay of the converter (i) rms value of thyristor current and (ii) input pf of the motor. 

[Ans. (c) 45.821°, 30.52 A, 0.6255 lag] 


12.3, (a) Describe the working of a single-phase semiconverter fed dc separately-excited motor with 
relevant waveforms and expressions. State the assumptions made. 

(6) A single-phase semiconverter feeds a separately-excited de motor. If armature current is ripple 
free, then shown that input supply power factor is given by 


(1+ cos a) V2 


where @= firing-angle delay of semiconverter feeding the armature circuit of the motor. 


12.4, A separately-excited de motor has its armature circuit connected to one semiconverter and 
field winding to another semiconverter. The supply for both the converters is single-phase, 230 V, 50 
Hz. Resistanee for the field circuit is 100 2 and that for the armature circuit is 0.2 2. Rated load torque 
is 80 Nm at 1000 rpm. The motor constant is 0.8 V-s/A-rad and magnetic saturation is neglected. For 
ripple free armature and field currents and with zero degree firing angle for field converter, determine 
(a) rated armature current (6) firing-angle delay of armature converter at rated load (c) speed regulation 
at full load (2) input pf of the armature converter and the drive at rated load. 

[Ans. (a) 48.31 A(6) 399.78° (c) 5.571% (d).0.769 lag, 0.8338 lag] 

12.5. Aseparately-excited dc motor is fed from two single-phase semiconverters, one in the armature 
circuit and the other in the field circuit, Field current is constant at 2A. Motor armature resistance is 
0.8 2 and motor constant is k=0.5 V-s/A-rad. AC voltage is 230V, 50Hz. For a ripple-free armature 
current and speed of 1500 rpm, calculate. 

(a) motor current and torque for a firing angle of 30° and 

(4) input supply power factor. |Ans. (@) 45.12 A, 45.12 Nm (5) 0.92 lag] 

12.6. (a) Describe, with appropriate voltage and current waveforms, the working of a single-phase 
full-converter fed de drive. 

Derive also an expression for its input pf. State the assumptions made. 

(6) A 200 V, 1000 rpm, 10A separately-excited de motor is fed from a single-phase full converter 
with ac source voltage of 230 V, 50 Hz. Armature circuit resistance is 19. Armature current is 
continuous. Calculate firing angle for 

(i) rated motor torque at 500 rpm. 

(i) half the rated motor torque at (- 500) rpm. [Ans. (5) (2) 69.526° (c) 115.7667] 

12,7. The speed of a separately-excited de motor is controlled by two single-phase full converters, 
one in the armature circuit and the other in the field circuit. Both converters are fed from the same 
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single-phase, 230 V, 50 Hz source. Armature resistance is 0.5 © and field circuit resistance is 200 £2, 
Firing angle for field converter is zero and motor constant is 0.8 V- s/A-rad. Armature and field currents 
are continuous and ripple free. If armature current is 30 A for a firing angle of 45°, then calculate 

(2) motor speed (6) motor torque (c) input pf of the armature converter and (d) input pf of the drive. 

[Ans. (a2) 1515.1 rpm (6) 24.845 Nm (c) 0.6365 lag (d) 0.6672 lag] 

12.8. Describe the use of a three-phase semiconverter for the speed control of a dc series motor. 
Illustrate your answer with appropriate waveforms. 

Derive expressions for the rms values of source and thyristor currents and the average value of 
SCR current for (2) firing .ngle < 60° and (b) firing angle > 60°. 

12.9. The speed of a dc series motor is controlled by a 3-phase semiconverter connected to 3-phase, 
400V, 50Hz source. The motor constant is 0.4 V-s/A. rad. Total field and armature resistance is 1 f. 
Assuming continuous and ripple free armature current at a firing angle of 40° and speed of 1000 rpm, 
determine 

(a) motor current and motor torque 

(6) power delivered to motor 

(c) reactive power drawn from the supply in VAr. 

(Ans. (2) 11.12 A, 49.462 Nm (6) 5303.46 W (c) 3383.085 VAr] 

12.10. (a2) Describe how the speed of a separately-excited de motor is controlled through the use of 
two 3-phase full converters. Discuss how two-quadrant drive can be obtained from this scheme. 

Derive expressions for rms values of source and thynstor currents. State the assumptions made. 

(6) The speed of a 50 kW, 500V, 120 A, 1500 rpm separately excited de motor is controlled by a 
three-phase full converter fed from 400V, 50Hz supply. Motor armature resistance is 0.1 Q. Find the 
range of firing angle required to obtain speeds between 1000 rpm and (- 1000) rpm at rated torque. 

[Ana (6b) 61.35°, — 125.46") 


12.11. The speed of a separately-excited de motor is controlled by means of two 3-phase full 
converters, one in the armature circuit and the other in the field circuit and both are fed from 3-phase, 
400 V, 50 Hz supply. Resistance of armature and field circuits are 0.2 0 and 320 respectively. The 
motor constant is 0.5 V-s/A. rad. Field converter has zero degree firing-angle delay. Armature and field 
currents have negligible ripple. For rated load torque of 60 Nm at 2000 rpm, calculate (2) rated armature 
current (6) fring angle delay of the armature converter (c) speed regulation at rated load and (d) input 
pf of the armature converter and the drive at rated load. 

[Ans, (a) 71.10 A (5) 69.291° (c) 8.045% (d) 0.3376 lag, 0.3601 lag] 

12.12. A de motor driven from a 3-phase full converter shown in Fig. 12.17 draws a dc line current 
of90 A with negligible ripple, (2) Sketch the line voltage v,,, taking it zero-crossing and becoming positive 
at m= 0°. Also, sketch line current i, (for one cycle) and thyristor current i for a firing angle of 30°, 

Conduction of SCRs must also be indicated. 

(5) Calculate average and rms values of thyristor current. 

(c) Compute power factor at ac source 

(a2) For motor constant of 2.5 V-s/rad and armature circuit resistance of 0.4 Q, calculate the motor 
speed, 

12.13. (2) Describe how the speed of a de series motor can be controlled by means of a de chopper. 

(6) Ade series motor, fed from 400V de source through a chopper, has the following parameters : 

r, = 0.05 0, r, =0.070,k =5 x 10° * Nm/amp’. 

The average armature current of 200 A is nipple free. For a chopper duty cycle of 50%, determine 

(1) input power from the source (i!) motor speed and (1) motor torque. 

(Ans, (5) (2) 40 kW (i) 1680.68 rpm (ii) 200 Nm] 
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12.14. A 230 V de source is connected to a separately-excited de motor through a chopper operating 
at 500 Hz. The load torque at 1200 rpm is 32.5 Nm. The motor has r, = 0, L, = 2mH and K,, = 1.4 V-s/rad. 
Motor and chopper losses are neglected. 

(a) Calculate the minimum and maximum values of armature current and the armature-current 
excursion. 

(4) Obtain the expressions for armature current during on and off periods of a chopper cycle. 

[Ans. (a) 22.634 A, 27.366 A, 4.732 A(b) 22.634 + 3332 t, 27.366 - 8168 t) 

12.15. Repeat Prob 12.14 in case armature circuit of the de motor has a resistance of 0.3 22 

[Ans. (a) 14.488 A, 18.95 A, 4.512 A | | 
(b) 222.13 (1—e7 1%) + 14.43 7 ; - 544.58 (1-—e 1) + 18.952 1% 
12.16.What is regenerative braking ? Describe the regenerative braking of a chopper-fed separately- 
excited de motor. Illustrate your answer with circuit diagram and relevant waveforms. 

Derive expressions for the minimum and maximum braking speeds for obtaining regenerative 
braking of the dc motor. 

Show that the speed range for regenerative braking is (V, + /,rg): aa: 

12.17. A 220 V, 60 Adc series motor, having combined resistance of armature and field of 0.15 4, 
is controlled in regenerative braking mode, The de source voltage is 220 V. Motor constant is 0.095 
V-s/A.rad. The average motor armature current is rated and ripple free. For a duty cycle of 50%, 
determine 

(a) the power returned to the supply, 

(b) minimum and maximum permissible braking speeds and : | 

(c) speed during regenerative braking. [Ams. (a) 6.6 kW (6) 28.65 rpm, 728.9 rpm (c) 378.82 rpm] 

12.18. (a) Distinguish between two-quadrant and four-quadrant drives. 

(b) Describe how a four-quadrant drive can be obtained from a chopper-fed senarately-excited de 
motor. 

12.19. (a) What are ac drives ? Give the merits and demerits of ac drives with respect to de drives. 

(b) From the approximate equivalent circuit of a 3-phase induction motor, derive the following 
expressions - 

Torque at any slip, slip at maximum torque, maximum torque, maximum torque and slip at which 
it occurs in case stator resistance is neglected. 

12.20. (a2) Enumerate the various methods of speed control of a 3- phase induction motor when fed 
through semiconductor devices, 

(b) Describe stator-voltage-control technique for the speed control of a 3-phase induction motor. 


12,21. (a) For fan-type loads, show that rotor current in a 3- phase induction motor is Mmaxmimum 
when slip s = 1/3. State the assumptions made. 

(b) A400 V, 50 Hz, 3-phase SCIM develops full-load torque at 1470 rpm. If supply voltage reduces to 
340 V, with load torque remaining constant, calculate the motor speed. Assume speed-torque characteristics 
of the motor to be linear in the stable region. Neglect stator resistance. 

[Ans., (4) 1458.5 rpm] 

12,22. (a) Induction motor speed control with constant-supply voltage and reduced-supply frequency 
is rarely used in practice. Justify this statement. 

(b) Deseribe stator frequency control for the speed control of a 3-phase induction motor, Derive 
expressions for motor torque, maximum torque and the slip at which it occurs. State the various 
assumptions made. 

Discuss, why during this method of speed control, an induction motor is said to be working in 
field-weakening mode. 
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12.23. A 3-phase, 400V, 20 kW, 970 rpm, 50 Hz, delta-connected induction motor has rotor leakage 
impedance of 0.5 + j 2.00 9. Stator leakage impedance and rotational losses are assumed negligible. 

If this motor is energised from a source of 3-phase, 400 V, 90Hz, then compute 

(a) the motor speed at rated torque 

(6) the slip at which maximum torque occurs and 

(c) the maximum torque. [Ans, (a) 1819.8 rpm (6) 0.138 (c) 235.785 Nm] 

12.24. Explain volts/hertz control for a 3-phase induction motor for its speed control. Enumerate 
its advantages. 

Describe at least two inverter circuits used for volts/hertz control. 

12.25. (a) Discuss how volts/hertz control for a 3-phase induction motor is similar to armature-volt- 
age control of a de motor. 

(6) In stator-frequency control of a 3-phase induction motor, explain why 

(i) ratio Vf is maintained constant for speeds below base speed 
(ii) terminal voltage is maintained constant for speeds above base speed. 

12.26. A 3-phase, 15kW, 420V, 4-pole, 50Hz, delta-connected induction motor has the following 
per-phase parameters referred to stator : 

r, = 0.5 0, rg=0.4 Q, x) =x9 = 1.5 0, X,, = 0 

If this motor is operated at 210V, 25Hz with DOL starting, calculate 

(a) current and pf at the instant of starting and under maximum torque conditions ; compare the 
results with normal values, 

(6) starting and maximum torques and compare with normal values. 

[Ans. (a) 120.05 A, 0.5145 lag, 81.862 A, 0.8112 lag 
At normal : 134.1 A, 0.2873 lag, 90.486 A, 0.763 lag 
(6) 220.2 Nm, 404.702 Nm 
At normal : 137.38 Nm, 475.662 Nm] 

12.27. Describe stator-current-control method for the speed control of a d-phase induction motor. 
Derive expressions for maximum torque, slip at maximum torque etc. by using approximate equivalent 
circuit. 

Discuss the effect of saturation on the speed-torque characteristics obtained by this method of speed 
control, 

12,28. A 420 V, 6-pole, 50Hz, 3-phase, star-connected IM has ry, = 0, x, =x9=1.2 9, rp =0.5 Q and 
X,,, = 50 9 as its per-phase parameters referred to stator. This IM is fed from (1) constant-voltage source 
of 242.5 V per phase and (1) constant-current source of 30A. 

For both types of sources (1) and (12), calculate 

(a) the slip for maximum torque, 

(6) the starting and maximum torques and 

(ec) the supply voltage required to sustain the constant current at the maximum torque. 

[Ans, (a) 0.2108, 0.00976 (6) 136.71 Nm, 12.293 Nm ; 338.676 Nm, 629.47 Nm (c) 1838.1 V) 

12.29. Sketch speed-torque characteristics of a 3-phase induction motor as influenced by different 
control techniques employed for its speed control by using semiconductor devices. Explain the three 
regions into which these characteristics can be subdivided. 

Discuss the various methods employed for obtaining the three regions. 

12.30. Discuss, in detail, how Ward-Leonard type of characteristics can be obtained from a 3-phase 
Induction motor. 

Explain also how high-speed series-motoring region is obtained in a d-phase induction motor. 

12.31. (a) Describe static rotor-resistance control method for the speed control of a 3-phase induction 
motor. 
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Derive expressions for inductor current and motor speed in terms of load torque, supply voltage, 
motor turns ratio, synchronous speed etc. 

(b) A 3-phase SRIM uses rotor ON-OFF control by means of chopper for its speed control. The 
effective rotor resistance is increased to 10 times during off period. If the motor develops 0.4 pu torque 
at a slip of 0.02 for normal operation, calculate the average torque developed at the same slip for 20%, 
50% and 80% duty cycles of the static rotor chopper. 

(Hint. (5) At low values of slips, 


7,<K Ys 
"2 
T,,=0.4 -KV x0.02 or Kv = 20 
. "2 r2 
7 = KV, = 205002 _ 904 pu 


Net torque, (Ans, (6) 0.112 pu, 0.22 pu, 0.328 pul 





12.32. A 3-phase, 400V, 6-pole, 50 Hz, star-connected SRIM uses a chopper in its rotor circuit for 
its speed control. The effective turns ratio from rotor to stator 1s 0.6. Inductor current is ripple free. 
Losses in the rectifier, inductor, chopper and no-load losses of the motor are neglected, Load torque, 
proportional to speed squared, is 360 Nm at 970 rpm. 

(a) For a minimum motor speed of 600 rpm, calculate the value of chopper resistance #. 

For the value of R obtained in part (a) if the speed is to be raised to 800 rpm, calculate 

(b) inductor current (c) duty cycle of the chopper (d) rectified output voltage (e) efficiency in case 
per-phase resistances for stator and rotor are 0.015 2 and 0.02 Q respectively. | 

(Ans. (a) 3.496 © (b) 65.93 A (c) 0.7187 (d) 64.823 V le) 79.285%| 


12.33. (a) In static rotor-resistance control of a 3-phase SRIM, each diode in the rotor circuit 
conducts for 120°. Assuming ripple free rotor current, derive expressions for rms value of rotor current 
referred to stator, fundamental component of rotor current and its value referred to stator. 

(b) A 3-phase, 415V, 50 Hz, 1470 rpm, star-connected SRIM has the following per-phase parameters 
referred to stator : 

r, =0.12 9, rg =0.10, x, =x, =040,X,,=0 

Per-phase turns ratio from rotor to stator = 0.8 

Speed of this motor is controlled by rotor ON-OFF control. For a speed of 1200 rpm, the inductor 
current is 100 Aand chopper resistance is 1.8 ©. Calculate 

(i) the value of chopper duty cycle 
(ii) efficiency for a power output of 25 kW and for negligible no-load losses 

(tit) the input power factor. (Ans. (6)(7) 0.498 (ii) 67.84% (itz) 0.822 lag] 

12.34. Describe static Kramer drive and show that steady-state torque is not influenced by whether 
4 transformer is used or not. 

Derive appropriate expressions to obtain speed-torque characteristics of static Kramer drive. 

12,35. Speed of a 400V, 6-pole, 50Hz, star-connected SRIM is controlled by static Kramer drive. 
The effective phase turns ratio from rotor to stator is 0.6 and transformer has phase turns ratio from 
lv. to h.v. as 0.4, The inductor current is ripple free. Losses in diode rectifier, inductor, inverter and 
transformer are neglected. The load torque is proportional to speed squared and its value is 250 Nm 
at 800 rpm. For a motor operating speed of 700 rpm, calculate 

(a) rotor rectified voltage (6) inductor current (c) delay angle of the inverter (d) efficiency in case 
inductor resistance is 0.01 Q and per-phase resistances for stator and rotor are 0.015 2 and 0.02 Q 
respectively (e) For the firing angle obtained in part (c), the load torque 1s increased to 350 Nm, find 


the motor speed. [Ans. (a) 97.23V (6) 61.84 A (ce) 116.743° (d) 98.37% (e) 696.53 rpm] 
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12.36. (a) Describe a static Kramer drive and show that the slip s at which it operates is given by 


or 
s=—-— cos @ 
a 


where a and ay pertain to per-phase turns ratio for SRIM and transformer respectively. 


(6b) Speed of a 6-pole SRIM fed from 400 V, 50Hz source is controlled by static Kramer drive. The 
inverter is directly connected to the supply. If the motor 1s required to operate at 800 rpm, determine 
the firing advance angle of the inverter. Voltage across the open-circuited slip rings at stand-still is 
600V. There is a voltage drop of 0.7V and 1.5V across each of the diodes and thyristors respectively. 
Inductor drop is neglected. 

In case transformer is to be interposed between supply and the inverter for obtaining a minimum 
speed of 600 rpm, determine the voltage ratio of the transformer from I.v. to h.v. 

[Ans. (5) 106.97°, 0.6] 

12.37. Repeat Problem 12.36(6) in case there is an overlap angle of 12° in the rectifier and 5° in 
the inverter. [Ans. 76.305°] 

12.38. Explain, with relevant circuit diagrams, both types of static Scherbius drives for obtaining 
speeds below as well as above synchronous speed. 

12.39. (a2) Enumerate the various types of synchrouous motors. Derive an expression for power 
developed in a cylindrical-rotor synchronous motor with negligible armature resistance. 

(6) A415V, 50Hz, 4-pole, star-connected synchronous motor has X, = 1.5 9. Load torque, proportional 
to speed, is 300 Nm. at synchronous speed. The speed of the motor is lowered by keeping : constant and 
maintaining 0.8 pf leading by field control. For the motor operation at 840 rpm, calculate (a) supply voltage 
(6) the armature current (c) the excitation voltage (d) load angle and (e) the pull-out torque. Neglect 
rotational losses. 

{[Ans. (a) 232.4 V (b) 44.96 A (c) 276.635 V (d) 10.904° (e) 870.15 Nm] 


12.40, (2) Derive the expression for power developed in a salient-pole synchronous motor in terms 
of excitation voltage, load angle etc, Neglect armature resistance. 


(6) Explain the working and uses of a permanent-magnet synchronous motor. How does the 
input-current waveforms effect the constructional features of PMSM ? 
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OBJECTIVE TYPE QUESTIONS 


In this appendix, objective type questions pertaining to Chapters 2 to 10 are given. pee 
the chapters, the questions are so framed that the answer for each may be a number, ac es 
or a sentence. In case four alternatives are provided, there is one correct answer unle 
otherwise stated in the question. 





POWER SEMICONDUCTOR DIODES AND TRANSISTORS 


1. For a diode, reverse recovery time is defined as the time between the instant diode 
current becomes zero and the instant reverse recovery current decays to 


(a) zero (b) 10% of reverse peak current Jpyy 
2. In a diode, the cut-in voltage and forward-voltage drop are respectively 
.a) 0.7 V, 0.7 V (Db) 0.7 VilvV 
(c) O.7 V, 0.6 V (d) 1V,0.7V | 2 
8 The softness factor for soft-recovery and fast-recovery diodes are respectively 
(a) 1,>1 (6) <1,1 
(¢) 1,1 (d) 1,<1 
4. Reverse recovery current in a diode depends upon 
(a) forward field current (b) storage charge 
(c) temperature (dq) PIV 
5. In a BJT, 
) cL 
3= (b) B=—— 
(a) P= ed p en 
agen Dos ee 
(ce) a= 3-1 (ad) B 


g. A power MOSFET has three terminals called 
(a) collector, emitter and base (6) drain, source and base 
(c) drain, source and gate (d) collector, emitter and gate 
7. As compared to power MOSFET, a BJT has , 
(a) lower switching losses but higher conduction loss | 
(b) higher switching losses and higher conduction loss 
(c) higher switching losses but lower conduction loss 
(d) lower switching losses and lower conduction loss 
8. Choose the correct statement - | a | 
(a) MOSFET has positive temperature coefficient (TC) whereas BJT has negative TC 
(b) Both MOSFET and BJT have positive TC 
(c) Both MOSFET and BJT have negative TC vile, 82 
(d) MOSFET has negative TC whereas BJT has positive TC 
9, Choose the correct statement : | 
(a) Both MOSFET and BJT are voltage controlled devices (CDs) 
(b) Both MOSFET and BJT are current CDs 
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(c) MOSFET is a voltage CD whereas BJT is a current CD 
(d) MOSFET is a current CD whereas BJT is a voltage CD 
10. Secondary breakdown occurs in 
(a) MOSFET but not in BJT (o) both MOSFET and BJT 
(c) BJT but not in MOSFET (d@) none of these 
11. At present, the state of the art devices are available as under : 


MOSFET BJT 
(a) 1200 V, 800 A 500 V, 140A 
(b) 500 V, 140 A 1200 V, 800 A 
(c) 800 V, 1000 A 1000 V, 1200 A 
(d) 200 V, 140A 1500 V, 800 A 


12. An IGBT has three terminals called 
(a) collector, emitter and base  (b) drain, source and base 


(c) drain, source and gate (d) collector, emitter and gate 
13. An MCT has three terminals called 

(a) anode, cathode and gate (6) collector, emitter and gate 

(c) drain, source and base (d) drain, source and gate 


14. For the switching waveform shown Fig. A-1 in for a 
power transistor, the peak instantaneous power loss in 
watts is [ 
(a) 250 (6) 500 aul 
(c) 166.67 (d) 333.33 

15. For the switching waveform shown in Fig. A-1 for a | 





power transistor; the average value of switch-on power wn ae 3 
loss at a switching frequency of 10 kHz is fee pe cane! 

(a) 1 W (b) 2W ae 

(c) 3 W (d) 4 W meer 


16. Match the devices on the left hand side with the circuit symbols on eles hand side. 


(A) BJT 


(B) MOSFET 


| 7 a 
(C) IGBT ay 
(3) = 
tS 
S 


Cc 
(D) MCT | 
(4) o—| 
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1. (ce) 2. (c) 3. (dd) 4. (a) 5. (Bb) 6. (c) 
7. (c) 8. (a) 9. (c) 10. (c) 11. (b) 12. (d) 
13. (a) 14. (a) 15. (5) 16. A-2;B-3:C-4;'™-] 





1. In Fig. A.2, capacitor C is charged to V,) =50 V with upper plate positive. Switch S$ is 
closed at ¢=0. Cu.rent through the circuit at £=0 and final voltage across C are 





respectively, 
(a) 15 A, 200 V (6) 20 A, 200 V 
(c) 25 A, 250 V (d@) 15 A, 150 V 
S ¢—22_ R=100 L 
+ hea P r 
+ 
Fig. A-2 Fig. A-3 


2. In Fig. A.2, suppose capacitor C is charged to 50 V with lower plate positive. Switch 
S is closed at t= 0. Current through the diode at t= 0 and final voltage across C are 


respectively 
(a) 25 A, 250 V (6) 25 A, 200 V 
(c) 20 A, 200 V (dq) 15 A, 150 V 


3. In the circuit of Fig. A.3, switch S is closed at t=0 with i, (0)=0 and v, (0)=0. In 
steady-state, v, equals | 
(a) 200 V (b) 100 V 
(ce) zero (d) -100 V 

4. In Fig. A.4; V, V. and V, are zero centre PMMC voltmeters. The circuit is initially 
relaxed. Switch S is closed at t=0. In steady state, readings of voltmeters 
V,, V, and V, are respectively 


(a) 100 V, 100 V, - 100 V (b) 100 V, 0, 200 V 
(c) - 100 V, 0, 200 V (d¥ 100 V, 0, 100 V 
v 


~ = — L 





Fig. A-5 


5. In Fig. A.5, initial voltage across capacitor is V) = 00 V with the polarity as shown 
Switch S is closed at t= 0. In steady state, Ue and vp are respectively given by 


san. Downloaded From : www.EasyEngineering.net 
© Wiki Engineering www.raghul.org 


Downloaded From : www.EasyEngineering.net 





(a) 400 V, —200V (6) 350 V, — 150 V 
(c) 200 V, 0 (d) 450 V, —-250V 
6. In Fig. A.5, if C=8 pF and L = 0.2 mH, the peak current handled by diode is 
(a) 40A (6) BOA 
(c) LOA (dq) 30 A 


7.In Fig. A.6, initial voltage across capacitor is 
V)=50 V with the polarity as shown. Switch S is 
closed at ¢ = 0. In steady-state, vp and vp are respec- 
tively given by 
(a) 400 V, -200 V (6) 350, -150V 
(c) 200 V, 0 (dq) 450 V, -250 V — 
8. In Fig. A.6, if C=8uF and ZL =0.2 mH, the peak 






Fig. A-6 


current through diode is given by 
(a) 40 A (6) 50 A 
(c) 1OA (dq) 30 A 


9. In Fig. A.7, capacitor C is initially charged with voltage Vp with upper plate positive. 
Switch S is closed at t¢=0. At t= 0+, v, andi are given by 


V, V 
(a) 0, > (6) - Vo, > 
sf 
(c) = Vue (d) Vo 2 





| Fig. A-7 Fig. A-8 
10. In Fig. A.8, capacitor C is initially charged with voltage Vo. Switch S is closed at 
t=0. In steady state, vp and vp are respectively given by 
(c) = Vo, 0 (d) Vo Vo 
11. Bach diode in Fig. A.9 can be described by a cut-in voltage and zero resistance, If the 
cut-in voltage of diode D1 is 0.2 V and of diode D2 is 0.6 V, the magnitude of current 
/, through D1 is ...... mA and magnitude of current through D2 is ...... mA. 


1k 











Fig. A-9 


12. In Fig. A.10, ideal PMMC amm will 
 S 5 10, ideal PMMC a eter M read Downloaded From : www.EasyEngineering.net 
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348 Power Electronics 

(a) zero (b) 1.4144 
(ce) 0.707 A (dq) 1A 

13. In Fig. A.10, if ammeter M is an ideal MJ ammeter, then it will read 
(a) 0.707 A (b) 1414 A 
(c) 1.225 A (dq) 1A | | 

14. In Fig. A.11, ideal moving iron voltmeters M1 and M2 will respectively read 
(a) 141.4 V, 141.4 V (b) 0, 141.4 V 
(c) 0,200 V (dq) 141.4 V, 0 


lOsin3i4t Cm=100uF 





Fig. A-11 Fig, A-12 


15. In Fig. A.12, an ideal moving iron voltmeter M will read 
(a) 7.07 V (6) 12.25 V 
(c) 14.14 V (d) 20.0 V | 
16. In Fig. A.13, zero-centre and ideal PMMC voltmeters M1 and M2 will read 
(a) -10V,10V (b) 0,10 V 
(c) -—10V, 7.07 V (dq) 10 V, 7.07 V 





Fig, A-14 
17. In Fig. A.14, PIV required for the diode is 
(a) 300 V (6) 100 V 
(c) 200 V (d) 400 V at | , 
18. A single-phase one-pulse diode rectifier is feeding an RL load with freewheeling diode 
across the load. For conduction angle B, the main diode and freewheeling diode would, 
respectively, conduct for | 
(a) n,n-6 (b) x, B—-7 
(c) B, 2 (dq) B-1,% it 
19. A single-phase full-bridge diode rectifier delivers a load current of 10 A, which is 
ripple free. Average and rms values of diode currents are respectively 
(a) 10 A, 7.07 A (6) 5A, 104 
(c) 5 A, 7.07 A (d) 7.07 A, 5A 
20. A single-phase full-bridge diode rectifier delivers a constant load current of 10 A 
Average and rms values of source current are respectively 
(a2) 5A, 10A (6) 10 4,10 A 
(c) 5A, 5A (qd) 0,10 A 
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21. A voltage v = 4 sin wf is applied to the terminals A and B of the circuit shown in Fig. 
A.15. The diodes are assumed to be ideal. The impedance offered by the circuit across 
the terminals A and B in kilo-ohms is 
(a) 5 (6) 20 
(c) 10 (d) none of these 

f 1 





Fig. A-15 Fig. A-16 | 

22. The peak current through the resistor of circuit of Fig. A.16, assuming the diodes to 
be ideal, is 
(a) 12 mA (b) 4mA 
(c) 16mA (7) 8mA | | | | 

23. In Fig. A.17, V1 and V2 are zero-centre PMMC voltmeters. When a sinuoidal signal 
is applied, V2 reads + 20 V. The reading of the voltmeter V1 is ...... volts. 





Fig. A-17 Fig. A-18 


24, For a symmetrical square wave of 800 V peak to peak and for ideal diode, the 
voltmeter in Fig. A.18 will read 
(a) 200 V (6) 400 V 
(c) 800 V (d) zero a 
25. The circuit in Fig. A.19 shows zener-regulated de power supply. The zener-diode is ideal. 
The minimum value of R, down to which the output voltage remains constanv 1s 
(a) 272 (b) 452 
(ec) 159 (d) 249 





Fig. A-19 Fig. A-20 


26. In the circuit of Fig. A.20, the 5V zener diode requires a minimum current of 10 me 
For obtaining a regulated output of 5 V, the maximum permissible load current /; 15 
_..... mA and the minimum power rating of zener diode is ...... W. 
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27. Fig. A.21 shows an electronic voltage regulator. The zener diode may be assumed to 
require a minimum current of 25 mA for satisfactory operation. The value of R 
required for satisfactory operation is ...... ohms. 


D1 





Fig, A-22 


28. In the circuit of Fig. A.22, the diode states at the extremely large negative value of 
the input voltage v, are 


(a) D1 off, D2 off (6) D1 on, D2 off 
(c) D1 off, D2 on (2) D1 on, D2 on 
ANSWERS 

1. (a) 2. (b) 3. (a) 4, (c) 5. (b) 6. (d) 
7. (d) 8. (bd) 9. (b) 10. (a) 11, 10mA,0 12. (a) 
13, (c) 14. (6) 15. (8) 16. (a) 17. (d) 18. (6) 
19. (c) 20. (dd) 21. (c) 22. (d) ao. — 20V 24, (a) 
20. (0) 26, 40 mA and 0.05 W 27. 80 28. (b) 


THYRISTORS 





1. The number of p-n junctions in a thyristor is 
(a) 1 (6) 2 
(c) 3 (d) 4. 

2. When anode is positive with respect to cathode in an SCR, the number of blocked 
p-n junctions is 
(a) 1 (6) 2 
(c) 3 (d) 4 

3. When cathode is positive with respect to anode in an SCR, the number of blocked 
p-n junctions is 


(a) 1 (6) 2 
(c) 3 (d) 4. 
4. In a thyristor, anode current is made up of 
(a) electrons only (6) electrons or holes 
(c) electrons and holes (d) holes only. 


5. A thyristor, when triggered, will change from forward blocking state to conduction 
state if its anode to cathode voltage is equal to 
(a) peak repetitive off-state forward voltage 
(6) peak working off-state forward voltage 
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(c) peak working off-state reverse voltage 
(d@) peak non-repetitive off-state forward voltage. 


..An SCR can be brought to forward conducting state with gate-circuit open when the 


applied voltage exceeds 

(a) the forward breakover voltage 

(6) reverse breakdown voltage 

(c) 15 V 

(d) peak non-repetitive off-state voltage. 


. A conducting thyristor can be turned-off by ....(decreasing/increasing) the anode cur- 


rent...(below/above) the ...llatching/holding) current and applying a ...(reverse/for- 
ward/zero) voltage across the SCR for a short interval. 

In a thyristor, holding current is 

(a) more than latching current J; 

(b) less than J; 

(c) equal to J, 

(d) very small. 


When a thyristor gets turned on, the gate drive 


(a2) should not be removed as it will turn-off the SCR 

(6) may or may not be removed 

(c) should be removed 

(d) should be removed in order to avoid increased losses and higher junction temperature. 
For normal SCRs, turn-on time is 

(a) less than turn-off time, Z, (6) more than ¢, 

(c) equal tot, (d) half of t,, 

The forward voltage drop during SCR on-state is 1.5 V. This voltage drop 
(a) remains constant and is independent of load current 

(b) increases slightly with load current 

(c) decreases slightly with load current 

(2) varies linearly with load current. 

During forward blocking state, a thyristor is associated with 

(a) large current, low voltage 

(6) low current, large voltage 

(c) medium current, large voltage 

(7) low current, medium voltage. 

In a thyristor, ratio of latching current to holding current is 


(a) 0.4 (6) 1.0 

(e)' 2.5 (d) 6.0, | 

On-state voltage drop across a thyristor used in a 250-V supply system is of the order 
of 

(a) 100-110 V (b) 240-250 V 

(c) LtolbV (dq) 0.5 to 1 V. 


Once SCR starts conducting a forward current, its gate loses control over 

(a) anode circuit voltage only 

(6) anode circuit current only 

(c) anode circuit voltage and current 

(d@) anode circuit voltage, current and time, 

Downloaded From : OW Oa Rotate 


552 


16. 


LZ. 


18. 


19. 


21. 


22. 


23. 


24, 


25. 


26. 


© Wiki Engineering 


Downloaded From : www.EasyEngineering.net 
Power Electronics 


In a thyristors 

(a) latching current J; is associated with turn-off process and holding current J;, with 
turn-on process 

(6) both J, and J,, are associated with turn-off process 

(c) J,,18 associated with turn-off process and J, with turn-on process 

(2d) both J, and J,, are associated with turn-on process. 

The SCR ratings, di/dtin A/usec and dv/dtin V/usec, may vary, respectively, be- 

tween 

(2) 20 to 500, 10 to 100 (6) both 20 to 500 

(¢) both 10 to 100 (d@) 50 to 300, 20 to 500. 

A thyristor can be termed as 

(a) DC switch (6) AC switch 

(c) either(a) or (5) (dq) square-wave switch. 

In a thyristor, the magnitude of anode current will 

(a) increase if gate current is increased 

(b) decrease if gate current is decreased 

(c) increase if gate current is decreased 

(7) not change with any variation in gate current. 


. Static V—/ characteristics of an SCR with different gate drives applied to the gate are 


indicated by 

(a) Ln = la > Poa (b) Voo > Via = Vie0 

(c) Pig > Pa > Poo (d) either (a) or (6). 

Turn-on time of an SCR can be reduced by using a 

(a) rectangular pulse of high amplitude and narrow width 

(6) rectangular pulse of low amplitude and wide width 

(c) triangular pulse 

(@) trapezoidal pulse. 

Turn-on time of an SCR in series with RL circuit can be reduced by 
(a) increasing circuit resistance R 

(6) decreasing F 

(c) increasing circuit inductance L 

(d@) decreasing L. 

For an SCR with turn-on time of 5 microsecond, an ideal trigger pulse should have 
(a) short rise time with pulse width = 3 usec 

(6) long rise time with pulse width = 6 usec 

(c) short rise time with pulse width = 6 usec 

(d) long rise time with pulse width =3 usec. 

A forward voltage can be applied to an SCR after its 

(2) anode current reduces to zero (b) gate recovery time 

(c) reverse recovery time (dq) anode voltage reduces to zero. 
Turn-off time of an SCR is measured from the instant 

(a) anode current becomes zero (6) anode voltage becomes zero 
(c) anode voltage and anode current become zero at the same time 
(d) gate current becomes zero. 

Turn-on time for an SCR is 10 usec. If an inductance is inserted in the anode circuit, 
then the turn-on time will be 
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(a) 10 psec (6) less than 10 psec 
(c) more than 10 psec (2d) about 10 psec. 
27. In an SCR, anode current flows over a narrow region near the gate during 
(a) delay time t, (6) rise time ¢, and spread time t, 
(c) t, andt, (d) ty and ¢,. 


28. Gate characteristic of a thyristor 
(a) is a straight line passing through origin 
(b) is of the type V,=a+ 61, 
(c) is a curve between V, and J, 
(d) has a spread between two curves of V, — i 
29. The average on-state current for an SCR is 20 A for a conduction angle of 120°. Its 
average on-state current for 60° conduction angle would be 
(a) 20 A (6) 10 A 
(c) less than 20 A (d) 40 A, 
30. The average on-state current for an SCR is 20 A for a resistive load. If an inductance 
of 5 mH is included in the load, then average on-state current would be 
(a) more than 20 A (6) less than 20 A 
(c) 15 A (d) 20 A. 
31. Specification sheet for an SCR gives its maximum rms on-state current as 35 A, This 
rms rating for a conduction angle of 120° would be 
(2) more than 35 A (6) less than 35 A 
(c) 35 A (d) 52.5 A. 
$2. Surge current rating of an SCR specifies the maximum 
(a) repetitive current with sine wave 
(6) non-repetitive current with rectangular wave 
(c) non-repetitive current with sine wave 
(d) repetitive current with rectangular wave. 
33, The di/dt rating of an SCR is specified for its 


(a) decaying anode current (b) decaying gate current 
(c) rising gate current (d) rising anode current. 
34, For an SCR , du/dt protection is achieved through the use of 
(a) RL in series with SCR (6) RC across SCR 
(c) L in series with SCR (d) RC in series with SCR. 
35. For an SCR, di/dt protection is achieved through the use of 
(a) Rin series with SCR (b) RL in series with SCR 
(¢) L in series with SCR (dq) L across SCR. 
86. The function of snubber circuit connected across an SCR is to 
(a) suppress dv/dt(0) increase du/at 
(ec) decrease du/dt(d) keep transient overvoltage at a constant value. 


37. The object of connecting resistance and capacitance across gate circuit is to protect 
the SCR gate against 
(a) overvoltages (b) du/dt 
(c) noise signals (72) overcurrents. 

88. Thermal resistance in SCRs has the units of..... (W/°C, or ohms or °C/W) and heat 


A winks are made from......(copper/steel/aluminium ). pownloaded From; www-EasyEngineering.net 7 


554 


oo. 


40. 
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43. 


45. 


46. 


47. 


48. 
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Who string efficiency for n series/paralle] connected SCRs is defined, in general, as 


ee ee ee ee ee 


Practical way of shtaiuinge static altaae squalizabicnd in series-connected SCRs is by 
the use of 

(a) one resistor across the string 

(b) resistors of different values across each SCR 

(c) resistors of the same value across each SCR 

(@) one resistor in series with the string. 

For series connected SCRs, dynamic equalizing circuit consists of 

(a) resistor R and capacitor C in series but with a diode D across C 

(b) series R and D circuit but with C across & 

(c) series R and C circuit but with D across R 

(@) series C and D circuit but with FR across C. 

For dynamic equalizing circuit used for series connected SCRs, the choice of C is based 
on 

(a) reverse recovery characteristic 

(6) turn-on characteristics 

(c) turn-off characteristics 

(d@) rise-time characteristics. 

In an UJT, with Vz, as the voltage across two base terminals, the emitter potential 
at peak point is given by 

(a) 1V gr (b) nV 

(c) nVant+ Vp (2d) 1Vp+ Vaz. 


. An UJT exhibits negative resistance region 


(a) before the peak point (6) between peak and valley points 

(¢) after the valley point (¢@) both (a) and (c). 

In an UJT, maximum value of charging resistance is associated with 

(a) peak point 

(6) valley point 

(c) any point between peak and valley points 

(d) after the valley point. 

When an UJT is used for triggering an SCR, the waveshape of the voltage obtained 
from UJT circuit is a 

(a) sine wave (b) saw-tooth wave 

(c) trapezoidal wave (qd) square wave. 

For an UJT employed for the triggering of an SCR, stand-off ratio n = 0.64 and de 
source voltage Vg, is 20 V. The UJT would trigger when the emitter voltage is 

(a) 12.8V (6b) 13.1 V 

(c) 10 V (7) 5 V. 

An SCR can withstand a maximum junction temperature of 120°C with an ambient 
temperature of 75°C. If this SCR has thermal resistance from junction to ambient as 
1.5°C/W, the maximum internal power dissipation allowed is 

(a) 30 W (6) 60 W 

(c) 80 W (dq) 50 W. 
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49. In synchronized UJT triggering of an SCR, voltage v, across capacitor reaches UJT 
thresh-hold voltage thrice in each half cycle so that there are three firing pulses 
during each half cycle. The firing angle of the SCR can be controlled 


(a) once in each half cycle (6) thrice in each half cycle 
(c) twice in each half cycle (d) four times in each half cycle. 

50. The function of connecting a zener diode in an UJT circuit ET te hernneinne 
SORs, is to Jel , used for the triggering of 


(a) expedite the generation of triggering pulses 
(5) delay the generation of triggering pulses 
(c) provide a constant voltage to UJT to prevent erratic firing 
(@) provide a variable voltage to UJT as the source voltage changes. 
o1. A metal oxide varistor (MOV) is used for protecting 
(a) gate circuit against overcurrents 
(6) gate circuit against overvoltages 
(c) anode circuit against overcurrents 
(@) anode circuit against overvoltages, 
52. The functions of connecting a resistor in series with gate-cathode circuit and a 
ae across gate-cathode circuit are, respectively, to protect the gate circuit 
om 
(a) overvoltages, overcurrents (6) overcurrents, overvoltages 
(c) overcurrents, noise signals (d) noise signals, overvoltages. 
o3. In a GTO, anode current begins to fall when gate current 
(a) is negative peak at time t=0 
(5) is negative peak at ¢ = storage period t. 
(c) just begins to become negative at t =0 
(dq) is negative peak at ¢= (¢, + fall time). 


54, For a pulse transformer, the material used for its core and the possible turn-ratio 
from primary to secondary are, respectively, 


(a) ferrite ; 20 : 1 (6) laminated iron: 1:1 
(c) ferrite; 1:1 (d) powdered iron; 1: 1. 

55. The capacitance of a reverse biased junction of a thyristor is 20 picofarad. The 
charging current of this thyristor is 4 mA. The limiting value of a 1S ..,... V/s. 


56. This question has five subquestions. Amongst the four alternatives provided, one or 

more are correct. Write down all the correct answers unambiguously, | 
06.1, SCR can be turned on by 

(a) applying anode voltage at a sufficiently fast rate 

(6) applying sufficiently large anode voltage 

(c) increasing the temperature of SCR to a sufficiently large value 

(d) applying sufficiently large pate current. 
56.2. During forward blocking of two series connected oCRs, a thyristor with 

(a) high leakage impedance shares lower voltage 

(6) high leakage impedance shares higher voltage 

(¢) low leakage impedance shares higher voltage 

(d) low leakage impedance shares lower voltage. 
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56.3. The circuit symbol for a GTO is 
A 
G 
, Ki 
(a) (b) (d) 
56.4. Thyristors A has rated gate current of 2 A and thyristor B a rated gate current 
of 100 mA. 
(a2) Ais a GTO and B is a conventional SCR 
(b) Bis a GTO and A is a conventional SCR 
(c) A may operate as a transistor 
(2) B may operate as a transistor. | 
56.5. A resistor connected across the gate and cathode of an SCR increases its 
(a) du/dt rating (6) holding current 
(c) noise immunity (d) turn-off time. 
l. (c) 2. (a) 3. (5) 4, (c) 5. (6) 6. (a) 
7. decreasing, below, holding, reverse 8. (b) 9. (d) 10. (a) 
ll. (6) 12. (6) 13. (c) 14. (c) 15. (c) 16. (c) 
17. (6) 18. (a) 19. (d) 20. (a) 21. (a) 22. (d) 
Za. (c). 24, (b) 25. (a) 26. {c) Zi. (dd) 28. (cd) 
29. (c) 30. (a) ol. (c) ge (C) 33. (d) 34. (6) 
35. (c) 26. (a) a7. (ce) 38. °C/W, Aluminium 
39. See the book 40. (c) 41. (c) 42. (a) 43, (2) 
44, (b) 45. (a) 46. (b) 47. (b) 48. (a) 49, (c) 
50. (c) 51. (d) 52. (b) 53. (b) 54. (c) 55. 200 
56.1 (a), (6), (c), (d) 56.2. (6), (a) 56.3. (5), (d) 56.4 (a), (c) 66.5. (a), (b), (c) 
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1. For the circuit shown in Fig. A.23, the conduction time for 


thyristor in microseconds is 


(a) 0.393 (b) 2.546 
(c) 25,133 (d) 8.0 
2. For the circuit in Fig. A.23, the capacitor voltage after SCR 
gets self-commutated is 
(a) 200 V (6) 400 V 
(c) 300 V (d) 100 V 





3. For the circuit shown in Fig. A.23, the voltage across 


thyristor, after it is self-commutated 1s Fig. A-23 
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(a) zero (6) -1.5V 
(c) — 200 V (72) — 400 V 
4. For the circuit in Fig. A.23, the peak thyristor current is 
(a) 100A (6) 50 A 
(c) 400 A (d) 800 A 


o. In the circuit of Fig. A.24, the maximum value of current through thyristors T1 and 
TA can respectively be 


a) “3 Vv, vale 

ap tare aca NU 

ie Mie ee TC 

(5) pts T° "s | Zz 
"y, 





ay wale Ms 
(c) V, ZR : 
(dd) = V.V= 

)ae Vs VF Fig. A-24 


6. For the circuit shown in Fig. A.24, peak value of resonant current is twice the load 
current. In case V,=200 V, the magnitude of voltage across main thyristor, when it 
gets turned-off, is ...... V. 

7. For the circuit in Fig. A.24, the peak value of current through auxiliary SCR is twice 
that through the main SCR. In case V,=100 V, C=10uF and load current = 40 A, 
the circuit turn-off time for main SCR is ...... microsecond. 

8. In the circuit of Fig. A.25, C is charged to V, with polarity as shown. Tick the correct 
statement/statements from the following : 

(a) In order to turn-off T1, turn on T2 
(6) In order to turn-off T2, turn on T1 


(c) At the time of turn on of SCR, initial thyristor current is V, = = = 
Ly | 2 "3 

(d@) At the time of turn on of SCR, initial thyristor current is V, " = 
1 ‘tg 





i 
Fig. A-25 Fig. A-26 
9. In the circuit shown in Fig. A.25, R, = 509, R,=100Q and V, = 100 V. The possible 

peak values of current through T1 is ...... A and through T? is ....,, A. 

10, In the circuit shown in Fig. A.26, V,=200 V, C=4uF,L=16uH and R=20Q, The 
peak value of current through T1 and D can respectively be 
(a2) 110 A, 100 A 
(6) 10 A, 110A 
(c) 110 A, 10A 
(7d) 100 A, 110A 
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Il. In the circuit of Fig. A.26, and for the parameters 
given in Prob 10, the circuit turn-off time for main 
and auxiliary thyristors are respectively ...... Us and 

12. In the circuit configuration shown in Fig. A.27, the 
circuit turn-off time for main thyristor is 34.657 ws. 


$10.0 





The value of capacitor C required in this circuit is ...... 
13. Match the two sides. 
Type of commutation Power Circuit Diagram 


(A) Self-commutation 


(B) Complementary commutation 





(C) Impulse commutation 








(D) Resonant-pulse commutation (4) 
>Load 
1. (c) 2. (b) 3. (c) 4. (a) 5. (d) 6. 173.2 V 
7. 21.65 8. (a), (c) 9. 4A, 5A 10. (a) 11. 80,12.566 12. 5 


13. A> 4,8 91,C 33,D > 2. 
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PHASE CONTROLLED RECTIFIERS 









1, A single-phase half-wave controlled rectifier has 40) sin 314 ¢ as the input voltage 


and # as the load. For a firing angle of 60° for the SCR, the average output voltage 


1s 
(a) 400/'x (b) 300/n 
(c) 240/n (d) 200/n. 


. A single-phase one-pulse controlled circuit has resistance and counter emf load and 


400 sin 314 ¢ as the source voltage. For a load counter emf of 200 V, the range of 
firing angle control is 

(a) 30° to 150° (6) 30° to 180° 

(c) 60° to 120° (d) 60° to 180° 


. In a single-phase half-wave circuit with RL load, and a freewheeling diode across the 


load, extinction angle § is more than 7. For a firing angle a, the SCR and freewheeling 
diode would conduct, respectively, for 

(a) t—o, B (6) B-a,1-o 

(c) t-a, 6-2 (dq) t-o, T— B. 


. In a single-phase one-pulse circuit with RL load and a freewheeling diode, extinction 


angle § is less than nm. For a firing angle ao, the SCR and freewheeling diode would, 
respectively, conduct for 


(a) B —a, 0° (6) n-a,n—-f 
(c) a, p-o (7d) B-a, a. 

5. A single-phase full-wave mid-point thyristor converter uses a 230/200 V transformer 
with center tap on the secondary side. The P.I.V. per thyristor is 
(a) 100 V (b) 141.4 V 
(c) 200 V (d) 282.8 V. 

6. A single-phase two-pulse bridge converter has an average output voltage and power 
output of 500 V and 10 kW respectively. The SCRs used in the two-pulse bridge 
converter are now re-employed to form a single-phase two-pulse mid-point converter. 
This new controlled converter would give, respectively, an average output voltage and 
power output of 
(a) 500 V, 10 kW (6) 250 V,5 kW 
(c) 250 V, 10 kW (d) 500 V, 5 kW. 

7. In a single-phase full converter bridge, the average output voltage is given by 

+o | +7 
(a) 2 . V,, cos 6d 6 w 2] V,, cos @-d@ 
1 + (m2) | | 1 m/‘2)+ 0 
why Vn cos @-d@ (d) = V,,cos9-d06 
Wo — (7/2) Me" (n/2)-1 


9. 


© Wiki Engineering 


. In a single-phase semiconverter, the average output voltage is given by 


1 aT 1 tT 2) + o 

(a) + | V_cos@-d0 = V,,cos@-d 4 
Ti Ti in/2)-0 
1 m2 bs wis 

(cy V,, cos 0-dé (i= V,,cos@-d6 
m I nt J (t/2) 


In a single-phase full converter, for continuous conduction, each pair of SCRs conduct 
for 
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(a) T-o (Db) 1 
(c) o (d) n+. 

10, In a single-phase full converter, for discontinuous load current and extinction angle 
§8> 2, each SCR conducts for 


(a) (6) B-a@ 
(c) B (qd) 0+ 
11. In a single-phase semi-converter, for continuous conduction, each SCR conducts for 
(a) (b) x 
(c) G+ (d) m-o 


12. In a single-phase semiconverter, for discontinuous conduction and extinction angle 
§>n, each SCR conducts for 
(a) T™-& (6) B-a 
(c) o (d) B. 

13. In a single-phase semiconverter, for discontinuous conduction and extinction angle 
8 <7, each SCR conducts for 


(a) 7™-& (6) B-a@ 
(c) o (d) B 
14. In a single-phase semiconverter, for continuous conduction, freewheeling diode con- 
ducts for 
(a) o (6b) n-a@ 
(c) 1 (7) 7+ 


15. In a single-phase semiconverter, with discontinuous conduction and extinction angle 
B>n, freewheeling diode conducts for 
(a) oF (6) B-n 
(Cc) T+ a (d) B. 
16. In a single-phase semiconverter, with discontinuous conduction and extinction angle 
6 <7, freewheeling diode conducts for 
(a) & (b) x-B 
(c) B-nx (dq) zero degree. 
17. In a single-phase full converter, if « and $ are firing and extinction angles respective- 
ly, then the load current is 
(a) discontinuous if (B-a)<n (6) discontinuous if (fb -a)>n 
(ec) discontinuous if (8-a@)=n (d) continuous if (6 - a) <7. 
18. In a single-phase full converter with resistive load and for a firing angle «,the load 
current is zero and non-zero, respectively, for 
(a) o,m-—a (b) n-a, & 
(c) a,n+a (d) o, 7. 
19. In a single-phase semiconverter with resistive load and for a firing angle o, each SCR 
and freeweeling diode conduct, respectively, for 
(a) a, 0° (6) m-O, o 
(c) T+, ca (72) n-a, 0°. 
20. In controlled rectifiers, the nature of load current, i.e. whether load current is con- 
tinuous or discontinuous 
(a) does not depend on type of load and firing angle delay 
(b) depends both on the type of load and firing angle delay 
(c) depends only on the type of load 
(d@) depends only on the firing angle delay. 
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21. 


22. 


23. 


24, 


25. 


26. 


27. 


28. 


20. 


30. 


ol. 


dae 


© WiksEntineaaingyoltage is given by 


In a single-phase full converter, if output voltage has peak and average values of 325 
V and 133 V respectively, then the firing angle is 

(a) 40° (b) 140° 

(c) 50° (@) 130°. 


In a single-phase semiconverter, if output voltage has peak and average values of 325 
and 133 V respectively, the firing angle is 

(a) 40° (6) 140° 

(c) 73.40° (d) 80°. 

Each diode of a 3-phase half-wave diode rectifier conducts for 

(a) 60° (b) 120° 

(c) 180° (d) 90°. 

Each diode of a 3-phase, 6-pulse bridge diode rectifier conducts for 

(a) 60° (6b) 120° 

(c) 180° (d) 90°. 


In a 3-phase half-wave diode rectifier, if per phase input voltage is 200 V, then the 
average output voltage is 

(a) 233.91 V (6) 116.95 V 

(c) 202.56 V (dq) 101.28 V. 


In a 3-phase half-wave diode rectifier, the ratio of average output voltage to per-phase 
maximum ac voltage is 
(a) 0.955 (6) 0.827 
(c) 1.654 (dq) 1.169. 
For a 3-phase, six-pulse diode rectifier, the average output voltage in terms of max- 
imum value of line voltage V,, 1s 
_, Bv2 ase ig 
(a) ea Vin (5) x 
, 3 vB". 3°13 | 
(c) vor Ve (d) Zam Vy 


In a 3-phase half-wave rectifier, dc output voltage is 230 V. The peak inverse voltage 
across each diode is 

(a) 481.7 V (6) 460 V 

(c) 345 V (d) 230 V. 

In a 3-phase full-wave diode rectifier, the peak inverse voltage in terms of average 
output voltage is 

(a) 1.571 (6) 0.955 

(c) 1.047 (d) 2.094, 


In a 3-phase half-wave diode rectifier, if V,, is the maximum value of per phase 
voltage, then each diode is subjected to a peak inverse voltage of 

(a) Vi, (b) V3 V., 

(¢)' ZV (d) 3V,,. 

In a 3-phase full-wave diode rectifier, if V,, is the maximum value of line voltage, 
then each diode is subjected to a peak inverse voltage of 

(a) V,, (b) V3 V,, 

(c) 2V,, (d) 3V,, 

In a 3-phase full-wave diode rectifier, if Vis the per phase input voltage. then average 


Downloaded From : www syEngineering.net 
www.raghul.org 


562, 


33. 


34. 
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38. 


39. 


40. 
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(a) 0.955 V (b) 1.35 V 

(c) 2.34 V (d) 3 V. 

A converter which can operate in both 3-pulse and 6-pulse modes is a 
(a2) 1-phase full converter (b) 3-phase half-wave converter 

(c) 3-phase semiconverter (d) 3-phase full converter. 


In a 3-phase semi-converter, for firing angle less than or equal to 60°, each thyristor 
an diode conduct, respectively, for 

(a) 60°, 60° (5) 90°, 30° 

(c) 120°, 120° (@) 180°, 180°. 

In a 3-phase semiconverter, for firing angle less than or equal to 60°, freewheeling 
diode conducts for 

(a) 30° (b) 60° 

(c) 90° (d) zero degree 

In a 3-phase semiconverter, for a firing angle equal to 90° and for continuous conduc- 
tion, each SCR and diode conduct, respectively, for 

(a) 30°, 60° (6) 60°, 30° 

(c) 60°, 60° (d) 30°, 30°. 

In a 3-phase semiconverter, for a firing angle equal to 90° and for continuous conduc- 
tion, freeweeling diode conducts for 

(a) 30° (6) 60° 

(c) 90° (d) zero degree. 

In a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 110°, each SCR and diode conduct, respectively, for 

(a) 30°, 60° (b) 60°, 60° 

(ec) 90°, 30° (dz) 110°, 30°. 

In a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 110°, freewheeling diode conducts for 

(a) 10° (5) 30° 

(ec) 50° (d) 110°. 

In a 3-phase semiconverter, for firing angle equal to 120° and extinction angle equal 
to 100°, none of the bridge elements conduct for 

(a) 10° (b) 20° 

(c) 30° (d) 60°. 


41. A 3-phase semiconverter can work as 


42. 


43. 


44, 
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(a) converter for a=0°to 180° (6) converter for «= 0° to 90° 
(c) inverter for a= 90° to 180° (¢q) inverter for a = 0° to 90°. 


In a 3-phase semiconverter, the three SCRs are triggered at an interval of 

(a) 60° (6) 90° 

(c) 120° (d) 180°. 

In a 3-phase full converter, the six SCRs are fired at an interval of 

(a) 30° (6b) 60° 

(c) 90° (@) 120°. 

In a 3-phase full converter, three SCRs pertaining to one group are fired at an interval 
of 

(a) 30° (b) 60° 

(c) 90° (d) 120°. 
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For a single-phase phase-controlled rectifier, with a freewheeling diode across the 
load, 

(a) the instantaneous output voltage v, is always positive 

(b) vg may be positive or zero 

(c) vg may be positive, zero or negative 

(d) vp is always zero or negative. 

The frequency of the ripple in the output voltage of a 3-phase semiconverter depends 
upon 

(a) firing angle and load resistance 

(6) firing angle and load inductance 

(c) the load circuit parameters 

(d) firing angle and the supply frequency. 

In a single-phase full converter, if load current is J and ripple free, than average 
thyristor current is 


I i 
(a) 9 I (b) qi 
(c) al (d) I. 


In a 3-phase full converter, if load current is J and ripple free, then average thyristor 
current is 


WE ek 
(a) a2 (6) ol 


©) <1 (d) I. 


The effect of source inductance on the performance of single-phase and three-phase 
full converters is to 

(a) reduce the ripples in the load current 

(5) make discontinuous current as continuous 

(c) reduce the output voltage 

(2d) increase the load voltage. 

In a single-phase full converter, the number of SCRs conducting during overlap is 
(a) 1 (6) 2 

(c) 3 (d) 4, 

In a single-phase full converter, the output voltage during overlap is equal to 

(a) zero | 

(6) source voltage 

(c) source voltage minus the inductance drop 

(2) inductance drop. 

In a 3-phase full converter, the output voltage during overlap is equal to 

(a) zero 

(b) source voltage 

(c) source voltage minus the inductance drop 

(dq) average value of the conducting-phase voltages. 

The total number of SCRs conducting simultaneously in 3-phase full converter with 
overlap considered has the sequence of 

(a) 3,3, 2,2 (6) 3,3, 3, 2 
(c) 3,2,3,2 (d) 2, 2, 2, 3. 
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o4. A 3-phase full converter has an average output voltage of 200 V for zero degree firing 
angle and for resistive load. For a firing angle of 90°, the output voltage would be 
(a) zero (b) 50 V | 
(c) 100 V (dq) 26.8 V. 
oo. A four quadrant operation requires 
(a) two full converters in series 
(6) two full converters connected back to back 
(c) two full converters connected in parallel 
(@) two semiconverters connected back to back. 
06. In a 5-phase full converter, the output voltage pulsates at a frequency equal to 


(a) supply frequency, f (6) 2f 
(c) 3f (d) 6f. 
97. In circulating-current type of dual converter, the nature of voltage across reactor is 
(a) alternating (6) pulsating | 
(¢) direct (d@) triangular. | 


58. The peak inverse voltage in ac to de converter systems is highest in 
(a) single-phase full wave mid-point converter 
(6) single-phase full converter 
(c) 3-phase bridge converter 
(qd) 3-phase half-wave converter. 
o9. The three-phase ac to de converter which requires neutra! point connection is 
(a) 3-phase semiconverter (6) 3-phase full converter 
(c) 3-phase half-wave converter (d) 3-phase full converter with diodes. 
60. This question has five subuestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 
60.1. A 3-phase full converter can function as 
(a) converter for a= 0° to 180° 
(6) converter for a= 0° to 90° 
(c) inverter for « = 90° to 180° 
(d¢) inverter for %& = 0° to 90°. 
60.2. In a 3-phase full converter, the number of SCRs working during overlap is 
(a) 1 from positive group, 1 from negative group 
(6) two from positive group, 1 from negative group 
(c) 1 from positive group, 2 from negative group 
(d) 2 from positive group, 2 from negative group. 
60.3. : a 3-phase semiconverter, frequency of the ripple in the output voltage may 
e 
(a) 3 times the supply frequency f for firing angle a < 60° 
(6) 3 f for a> 60° 
(c) 6 ffor a < 60° 
(d) 6 ffor a > 60°. 
60.4. In a dual converter, converters 1 and 2 work as under - 
(a) 1 as rectifier, 2 as inverter 
(6) 1 as inverter, 2 as rectifier 
(c) both as rectifiers 
(d) both as inverters. 
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60.5. For the same ac voltage and load impedance which of the following statements 

about rectifiers are correct ? 

(a) The average load current in a full-wave rectifier is twice that in a half wave 
rectifier 

(b) The average load current in a full-wave rectifier is m times that in a 
half-wave rectifier 

(c) Half-wave rectifier will have bigger sized transformer compared to full- 
wave rectifier 

(7) Half-wave rectifier will have a smaller sized transformer compared to a 
full-wave rectifier. 

61. This question contains four sub-questions each having two columns. Match every item 
on the left side with the most appropriate item on the right side. Give your answers 
as shown in the example below : 
Example. (A)-(P) 

(C)-(R) 


61.1. Single-phase full converter 
with 50 Hz supply 


(B)-(Q) 
(D)-(S). 


Output voltage waveforms 


(A) R-C (parallel) load 





(P) 
(B) Continuous conduction 
mode (Q) | 
10 20 30 4O = t(ms) 
| (R) 
(C) Resistance load 
(5S) 





(D) Inverter mode. 


t(ms) 


61.2. Controlled rectifiers 


(A) 1-phase full converter 
(B) 1-phase semiconverter 
(C) 3-phase half-wave converter 
(D) 3-phase semiconverter 


© Wiki Engineering 


Output voltage eiregerores 


3V,, 
(P) a + cos a) 





@)- 


= cos oO 


re A 
(AR) — (1+ cos a) 


(S) 8 y, cos & 
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61.3. 50-Hz system measurements : ! Waveforms 
(A) Voltage across an R-C (P) 
(parallel) load connected 
through a full-wave bridge 


(B) Instantaneous power (Q) 
consumed by a resistor. 





t(ms) 






(C) Output voltage of a (R) 


positive clamped circuit. t(ms) 





Se ee 


, 


(D) Instantaneous power (8) 
consumed by an A-LE circuit. 


t(ms) | 


61.4. Controlled rectifiers with 50 Hz supply Output voltage waveforms 
(A) 1-phase full converter with (P) 
source inductance 





Yo 
(B) 3-phase full converter (Q) “o | 
(C) 3-phase semiconverter (R) 


(D) 3-phase half-wave converter. (5) 


ANSWERS 


1. (5) 2. (a) 3. (c) 4. (a) 5. (d) 6. (5) 

7, (c) 8. (c) 9. (b) 10. (b) 11. (d) 12. (a) 
13. (5) 14. (a) 15. (8) 16. (d) 17. (a) 18. (a) 
19. (d) 20. (b) 21; (c) 22. (c) 23. (b) 24. (b) 
25. (a) 26. (b) 27. (b) 28. (a) 29. (c) 30. (5) 
31. (a) $2. (c) Ga. (c) a4. (c) 35. (d) 3G. (¢) 
a7. (a) $38. (b) 39. (c) 40. (6) Al. (a) 42. (c) 
43. (b) 44, (d) 45. (b) 46. (d) 47. (a) 48. (6) 
49. (c) 50. (d) 51. (a) 52. (d) 53. (c) 54. (d) 
55. (b) 56. (d) 57. (a) 58. (a) 59. (c) 
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60.1. (5), (¢) 60.2. (6), (c) 60.3. (b), (c) 60.4, (a), (Bb) 60.5. (a), (a) 
61.1. (A)-(S) ; (B)-(R) ; (C){Q) ; (D)-(P) 61.2, (A)-(Q) ; (B)-(R) ; (C)-(S) ; (D)-(P) 
61.3, (A)-(P) ; (B)-(R) ; (C)-(Q) ; (D)-(S) 61.4, (A)-(R) ; (B)-(8) ; (C)-(Q) ; (D)-(P). 


CHOPPERS 





3 


in 


. In de choppers, if T.,, is the on-period and f is the chopping frequency, then output 


voltage in terms of input voltage V, is given by 


(a) V,- 7, /F (6) Ve f/ Ton 
(c) V,/f Ton (d) Vy f: Ton 
. In de choppers, the waveforms for input and output voltages are respectively 
(a) discontinuous, continuous (6) both continuous 
(c) both discontinuous (2) continuous, discontinuous. 


In PWM method of controlling the average output voltage in a chopper, the on-time 
is .....(varied/kept constant) but the chopping frequency is....(varied/kept constant). 


. In FM method of controlling the average output voltage in a chopper, chopping period 


-In the circuit shown in Fig. A-28, L=5,pH and 


10. 


© Wiki Engineering 


is....(varied/kept constant) but on-time is..,.(varied/kept constant) or off-time 
is....(varied/kept constant). 


. For type-A chopper, V, is the source voltage, R is the load resistance and o is the duty 


cycle. The average output voltage and current for this chopper are respectively 
(a) aV,, a: (V,/R) (b) (1-«@) V,, (1-0) V,/R 
(c) V./a, V,/aR (d) V,/(1-0), V,/(1 - @)R. 


. A chopper has V, as the source voltage, R as the load resistance and o as the duty 


cycle. For this chopper, rms value of output voltage is 


(a) aV, (b) Va- V, 
(c) V,/Vo. (d) V1-a - V,. 


For a chopper, V, is the source voltage, R is the load resistance and « is the duty 
cycle. Rms and average values of Nor ss ego for this chopper are 


V V 
(a) a, Va > (6) a! 5 Ne 
V, V5 
(c) Va 5, > (@) Vi-a Br (1-0) V,/R. 
. In de choppers, per unit ripple is maximum a duty cycle @ is 
(a) 0.2 (6) 0.5 
(c) 0.7 (d) 0.9. 


C=20uF. C is initially charged to 200 V. After the 
switch S is closed at t=0, the maximum value of cur- 
rent and the time at which it reaches this value are, 





respectively, 

(a) 400 A, 15.707 Ls (6) 50 A, 30 ps 

(c) 100 A, 62.828 Ls (qd) 400 A, 31.414 us. 

A voltage commutated chopper has the following Fig. A-28 


parameters : . 
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V, = 200 V, Load circuit parameter : 1 9, 2 mH, 50 V 
Commutation circuit parameters, L = 25 pH, C= 50 uF 
T,, =500us, J'=2000 us 
For a constant load current of 100 A, the effective on period and peak current through 


the main thyristor are respectively 


(a) 1000 ps, 200 A (b) 700 ps, 382.8 A 

(c) 700 us, 282.8 A (7) 1000 us, 382.8 A. 

For the voltage-commutated chopper of Prob. 10, the turn-off times for main and 
auxiliary thyristors are, respectively, 

(a) 120 us, 60 us (6) 100 us, 0.5 us 

(c) 120 us, 55 ps (d@) 100 us, 55.54 us. 

In the current-commutated chopper shown in Fig. A-29, thyristor T1 is conducting a 


load current. When thyristor TA is turned off with capacitor polarity as shown the 
capacitor current i. would flow through....(thyristor T1/diode D1), because.......... 


D1 
+ TI D? 
C5 ‘ 
7 < TA : 
5 C 

+ — le a 
HOC T 

L 

Fig. A-29 


13. A load commutated chopper, fed from 200 V de source, has a constant load current of 


14, 


15. 


16. 
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50 A. For a duty cycle of 0.4 and a chopping frequency of 2 kHz, the value of 
commutating capacitor and the turn-off time for one thyristor pair are respectively 


(a) 25 pF, 50 ps (b) 50 pF, 50 us 
(c) 25 pF, 25 ps (d) 50 pF, 25 us. 
A de battery is charged from a constant de source of 200 V through a chopper. The 


dc battery is to be charged from its internal emf of 90 to 120 V. The battery has 
internal resistance of 1.9. For a constant charging current of 10 A, the range of duty 
cycle is......t0...... 

For type-A chopper ; V,, R, I, and a are respectively the dc source voltage, load resis- 
tance, constant load current and duty cycle. For this chopper, average and rms values 
of freewheeling diode currents are 


(a) a1, Vo. - Ip (b) (1-a) Ip, V1-@ - Ip 

(c) a-V./R,Va-V,/R © (d) (1-0) Ip, Va - Ip. 

A step-up chopper has V, as the source voltage and a as the duty cycle. The output 
voltage for this chopper is given by 

(a) V,(1+q@) (b) V,/(1 ~@) 

(c) V,(1-a@) (7) V,/(1 + @). 
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17. A de chopper is fed from 100 V de. Its load voltage consists of rectangular pulses of 
duration 1 msec in an overall cycle time of 3 msec. The average output voltage and 
ripple factor for this chopper are respectively 
(a) 25 V, 1 (6) 50 V, 1 (c) 33.33 V, V2 (d) 33.33 V, 1 

18, When a series LC circuit is connected to a de supply of V volts through a thyristor, 
then the peak current through thyristor is 


(a) V-VLC | (b) V/NCL 
(c) V-VC/L (d) V-VL/C 


19. For the arrangement shown in Fig. A-30, the 
circuit 1s initially in steady state with thyris- 
tor T off. After thyristor T is turned on, the 
peak thyristor current would be 
(a) 2A (6) 22A 200V" 
(c) 40 A (dq) 42 A. 

20. In type-A chopper, source voltage is 100 V dc, 
on-period = 100 us, off-period =150 us and 
load RLE consists of R=20, L = 5 mH, E = 
10 V. For continuous conduction, average out- 


>R=100 n 





' Fig. A-30 
put voltage and average output current for this chopper are respectively: 


(a) 40 V,15A 7 (6) 66.66 V, 28.33 A 
(c) 60 V, 25 A (d) 40 V, 20 A. 
21. Refer to the circuit in Fig. A-31. The maximum current in the main SCR M can be 
(a) 200 A (6) 170.7 A 
(c) 141.4 A (dq) 70.7 A. 


I > : : : . 
| ce | A | | 
200 64uH ’ | ) 





Fig. A-31 
22. Refer to the circuit in Fig. A-31. The maximum turn-off time of the main SCR M to 
ensure its proper commutation, in us, is 
(a) 2 (6) 4x (c) 6n (2) 8 
23. This question has two subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 
23.1. In de choppers, if T is the chopping period, then output voltage can be controlled by 
PWM by varying | 
(a) T keeping T,,,, constant (b) T.,, keeping T constant 
o WRendnegigeeping T constan* (d) T keeping TDowenataritom : www. Fasyensinceaige net 
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23.2. In de choppers, for chopping period T, the output voltage can be controlled by FM by 


varying 
(a) T keeping T,,, constant (b) T keeping T,, constant 
(c) T., keeping T constant (d) T,,. keeping T constant. 


24, This question contains two subquestions, each having two columns. Match every item 
on the left side with the most appropriate item on the right side. Give your answers 
as shown in the example below : 

Example. (A)-(P) ; (B)-(Q) ; (C)-(®) ; (D)-(S). 
24.1. Chopper configurations Output Voltage Waveforms 








(P) 
(A) Voltage-commutated chopper 

(Q) 
(B) Load-commutated chopper 

(R) 
(C) Current-commutated chopper 

Vo \ 

(S) x 

(D) Ideal de chopper | 
} ee EWN a 
Es T et t 
24.2. Types of choppers Circuit Configurations 

(A) Type-A chopper 

(P} 
(B) Type-B chopper (a) 
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(C) Type-C chopper (R) 
(D) Type-D chopper (S) 
1. (d) 2. (d) 3. varied, kept constant 
4. varied, kept constant, kept constant 5. (a) G. (5) 7. (c) 
8. (5) 9. (a) 10, (b) 11. (d) 
12. Thyristor T1, diode D1 is reverse biased by a voltage drop of about 1.5 V across conducting 
thyristor T1. 
13. (a) 14. 0.5 to 0.65 15. (5) 16, (b) 17. (c) 
18. (c) 19, (6) 20. (a) Zl, (b) ae. (cd) 2o.l. (5), (c) 


23.2. (a), (6) 24.1. (A)-(@) ; (B)-(5) ; (C)-(P) ; (D)-(#) 
#4.2. (A)-Ut) ; (B)-(P) ; (C)-(5) ; (D)-1(@). 






INVERTERS 





1. If, for a single-phase half-bridge inverter, the amplitude of output voltage is V, and 
the output power is P, then their corresponding values for a single-phase full-bridge 
inverter are 
(a) V,,P (6) V,/2, P/2 
(c) 2 V,, 2P (a) 2 VP. 

2. In voltage source inverters 

(a) load voltage waveform v, depends on load impedance Z, wher: is load current 

waveform 1, does not depend on Z 

(6) Both vg and i, depend on Z 

(c¢) vg does not depend on Z whereas i, depends on Z 

(d) both vg and i, do not depend upon Z. 


3. A single-phase full bridge inverter can operate in load-commutation mode in case load 


consists of 
(a) RL (6) RLC underdamped 
(c) RLC overdamped (qd) RLC critically damped. 
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4. A single-phase bridge inverter delivers power to a series connected RLC load with 
R=20, ol =8 Q. For this inverter-load combination, load commutation is possible 
in case the magnitude of 1/@C in ohms is 
(a) 10 (6) 8 
(c) 6 (d) zero. 

5. In the half-bridge inverter of Fig. A-32, main thyristor T1 is conducting a load current. 
With polarity of the capacitor voltage as shown, when auxiliary thyristor TA1 is 
turned on, capacitor current 7, would flow through (thyristor T1/diode D1) because.... 





Ys TAT) om | 
ie le 
= roQgog 
Ve | G L 
"i 
LOAD 
LOAD | c ¢ 
Fig. A-32 Fig. A-33 


6. For a 3-phase bridge inverter in 180° conduction mode, Fig. A-33, the sequence of 
SCR conduction in the first two steps, beginning with the initiation of thyristor 1, is 
(a) 6,1, 2 and 2, 3, 1 (6) 2,3, 1 and 3, 4, 5 
(c) 3,4, 5, and 5, 6, 1 (d) 5, 6, 1 and 6, 1, 2. 

7. For a 3-phase bridge inverter in 120° conduction mode, Fig. A-33, the sequence of 
SCR conduction in the first two steps, beginning with the initiation of thyristor 1, is 
(a) 6,1 and 1, 2 (6) 1,2 and 2,3 
(c) 1,6 and 5,6 (dq) 1, 3 and 8, 4. 

8. In single-pulse modulation of PWM inverters, third harmonic can be eliminated if 
pulse width is equal to 
(a) 30° (b) 60° 
(c) 120° (d) 150° 

9. In single-pulse modulation of PWM inverters, fifth harmonic can be eliminated if 
pulse width is equal to 
(a) 30° (b) 72° 
(c) 36° (d) 108°. 


10. In single-pulse modulation of PWM inverters, the pulse width is 120°. For an input 


voltage of 220 V de, the r.m.s. value of output voltage is 
(a) 179.63 V (5b) 254.04 V 
(ec) 127.02 V (dq) 185.04 V. 


11, In single-pulse modulation used in PWM inverters, V, is the input de voltage. For 


eliminating third harmonic, the magnitude of rms value of fundamental component 
of output voltage and pulse width are sis oN 


(a) 2 yy, 120° 


‘ : 4V 
mae V,, 60° (ies 
Tt nt 
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12. 


15. 


16. 


17. 


16. 


19. 


20. 


In multiple-pulse modulation used in PWM inverters, the amplitudes of reference 
square wave and triangular carrier wave are respectively 1 V and 2 V. For generating 
5 pulses per half cycle, the pulse width should be 

(a) 36° (6b) 24° 

(c) 18° (d) 12°, 

In multiple-pulse modulation used in PWM inverters, the amplitude and frequency 
for triangular carrier and square reference signals are respectively 4 V, 6 kHz and 1 
V, 1 kHz. The number of pulses per half cycle and pulse width are respectively 


(a) 6, 90° (b) 3, 45° 
(c) 4, 60° (d) 3, 40°. 
In sinusoidal-pulse modulation used in PWM inverters, amplitude and frequency for 


triangular carrier and sinusoidal reference signals are respectively 5 V, 1 kHz and 1 
V, 50 Hz. If zeros of the triangular carrier and reference sinusoid coincide, then the 
modulation index and order of significant harmonics are respectively 


(a) 0.2, 9 and 11 (b) 0.4, 9 and 11 
(c) 0.2, 17 and 19 (d) 0.2, 19 and 21. ~ 
Which of the following statement/statements is/are correct in connection with in- 


verters: 

(a) VSI and CSI both require feedback diodes 

(6b) Only CSI requires feedback diodes 

(c) GTOs can be used in CSI 

(d) Only VSI requires feedback diodes. Ms 
In a CSI, if frequency of output voltage is f Hz, then frequency of voltage input to CSI 
15 

(a) f (6) 2f 

(c) f/2 (d) 3f. 
In sinusoidal-pulse modulation used in PWM inverters, amplitude and frequency of 
triangular carrier and sinusoidal reference signals are respectively 0 V, 1kHz and 1 
V, 50 Hz. If peak of the triangular carrier coincides with the zero of the reference 
sinusoid, then the modulation index and order of significant harmonics are 


(a) 0.2, 9 and 11 (b) 0.4, 9 and 11 
(c) 0.2, 17 and 19 (d@) 0.2, 19 and 21. 
In sinusoidal PWM, there are ‘m’ cycles of the triangular carrier wave in the half 


cycle of reference sinusoidal signal. If zero of the reference sinusoid coincides with 
zero/peak of the triangular carrier wave, then number of pulses generated in each 
half cycle are respectively 


(a) (m—1)/m (6) (m -—1)/(m - 1) 
(c)m/m (2) m/(m — 1). weg 
In an inverter with fundamental output frequency of 50 Hz, if third harmonic is 


eliminated, then frequencies of other components in the output voltage wave, in Hz, 
would be 

(a) 250, 350, 450, high frequencies 

(6b) 50, 250, 350, 450 

(c) 50, 250, 350, 550 

(7d) 50, 100, 200, 250. 

A single-phase CSI has capacitor C as the load. For a constant source current, the 
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(a) square wave (6) triangular wave 
(c) step function (@) pulsed wave. 

21. A single-phase full bridge VSI has indyctor L as the load. For a constant source 
voltage, the current through the inductor is 


(a) square wave (6b) triangular wave 
(c) sine wave (d) pulsed wave. 
ANSWERS 

1, ‘(c) z, (de) 3. (6) 4, (a) 
3. thyristor T1, diode D1 is reverse biased by the voltage drop across T1 
6. (a) 7. (a) 8, (c) 9, (b) 10. (a) 11. (a) 
12. (c) 13. (b) 14, (c) 15. (d) 16. (b) 17. (d) 
18. (a) 19. (c) 20. (6) 21. (6) 






SINGLE-PHASE VOLTAGE CONTROLLERS 

1. A single-phase voltage controller feeds an induction motor (A) and a heater (B) 
(a) In both the loads, fundamental and harmonics are useful 
(6) In A only fundamental and in B only harmonics are useful 
(c) In A only fundamental and in B harmonics as well as fundamental are useful 
(@) In A only harmonics and in B only fundamental are useful. 

2. A load resistance of 10 9 is fed through a 1-phase voltage controller from a voltage 
source of 200 sin 314¢. For a firing angle delay of 90°, the power delivered to load in 


kW, is 
(a) 0.5 (hb) 0.75 
(c) 1 (d) 2. 


3. A single-phase voltage controller is employed for controlling the power flow from 260 
V, 50 Hz source into a load consisting of R = 5 Q and aL = 12 ©. The value of maximum 
rms load current and the firing angle are respectively 

260 


(a) 20 A, 0 (5) i091" 0 
a Aer 260 , an 
(c) 20 A, 90 d) 51 A 90° 


4. A load, consisting of R=10Q and mL = 10, is being fed from 230 V, 50 Hz source 
through a 1-phase voltage controller. For a firing angle delay of 30°, the rms value of 
load current would be 


\ 99 23 
(a) 23 A (5) vo * 
23 23 
(c) >= Iz A, (dq) < Vo 
5. In a single-phase voltage controller with RL load, ac output power can be controlled 
if 


(a) firing angle a> o (load phase angle) and conduction angle y=7 
(6) a>odandy<7 
(c) a<bandy=n 
(d) me hand y> nt. 
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6. A single-phase voltage controller feeds power to a resistance of 10 2. The source 
voltage is 200 V rms. For a firing angle of 90°, the rms value of thyristor current in 


amperes is 
(a) 20 (6) 15 
(c) 10 (d) 5. 


7. A single-phase voltage controller is connected to a load of resistance 10 2 and a supply 
of 200 sin 314¢ volts. For a firing angle of 90°, the average thyristor current in amperes 


is 
(a) 10 (b) 10/n 
(c) 5V2/n (d) 5V2, 


8. A single-phase voltage controller, using two SCRs in antiparallel, is found to be 
operating as a controlled rectifier. This is because 
(a) load is R and pulse gating is used 
(b) load is R and high-frequency carrier gating is used 
(¢) load is RL and pulse gating is used 
(d) load is RL and continuous gating is used. 

9, A single-phase ac voltage controller (or regulator) fed from 50 Hz system supplies a 
load having resistance and inductance of 2.0 2 and 6.36 mH respectively. The control 
range of firing angle for this regulator is 
(a) 0° < a < 180° (b) 45° <a@ < 180° 
(c) 90° < a < 180° (dq) 0° <a < 45°. 

10. For a single-phase voltage controller using two thyristors in antiparallel and with 
load R, draw the output voltage waveform and the voltage variation across each SCR 
for a firing angle of about 30°. Voltage variation across each SCR should also contain 
thyristor voltage drop in Fig. A-34. 






T 






! iv 

| 

3 ih 

1 2 mt 
| | 

| . 

T 





a wt 





T oT 


11. For a single-phase voltage controller using two thyristors in antiparallel and with 
RL load, draw in Fig. A-35 the output voltage waveform and the voltage variation 
across each SCR for a firing angle of about 30° which is greater than the load phase 
angle. Voltage variation across each SCR should also contain thyristor voltage drop 
in Fig. A-35. 

12. This question has two subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 

12.1. In a single-phase voltage controller with RL load, when 
(a) firing angle « <4 (load phase angle), load voltage v, is sinusoidal 
(b) @ <6, Up is non-sinusoidal 
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(c) & >, Up is non-sinusoidal 

(dq) & > >, vg is sinusoidal. 

In a single-phase voltage controller with RL load, o is the firing angle, is the load 
phase angle and f is the extinction angle. For this voltage controller, output power 
can be controlled if a > and 

(a2) (B-m=n (6) (B-a<n 

(c) Bor (d) B<n. 

This question contains two subquestions, each having two columns. Match every item 
on the left side with the most appropriate item on the right side. 

Power circuit diagrams Output voltage waveforms 


(B) (Q) 


(C) (R) 


(S) 





13.2. Firing angle =a, load phase angle 
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=. Nature of load on single-phase 
voltage controllers Load Current Waveforms 


(A) FR load 


(B) RL load, a> o 
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Load Current Waveforms 


(C) RL load, a < 





(D) L load, a> 0 





1. (c) 2. (¢) 3. (a) 4, (b) 5, (6) G. (c) 
7. (B) 8. (c) 9. (d) 10. See the book 
11. See the book 12.1. (a), (e) 12.2. (6), (c) 
13.1. (A)-(Q) ; (B)-(R) ; (CHS) ; (DHIP) 13.2. (A)-(R) ; (B)-(P) ; (C}H(Q) ; (D)-(S). 





CYCLOCONVERTERS 


1. 
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A cycloconverter is a 

(a) frequency changer (f,) from higher to lower frequency with one-state conversion 
(b) f. from higher to lower frequency with two-stage conversion 

(c) f, from lower to high frequency with one-state conversion 

(d) either (a) or (c). 


. The cycloconverters (CCs) require natural or forced commutation as under : 


(a) natural commutation in both step-up and step-down CCs 
(6) forced commutation in both step-up and step-down CCs 
(c) forced commutation in step-up CCs 

(d) forced commutation in step-down CCs. 


. For converting 3-phase supply at one frequency to single-phase supply at a lower fre- 


quency, the basic principle is to....(vary/keep) the firing angle..... (constant/gradually). 
Three-phase to three-phase cycloconverters employing 18 SCRs and 36 SCRs have 
the same voltage and current ratings for their component thyristors. The ratio of VA 
rating of 36-SCR device to that of 18-SCR device is 


1 
(a) 9 
(hb) 1 
(ec) 2 
(d) 4. 


. Three-phase to 3-phase cycloconverters employing 18 SCRs and 36 SCRs have the 


same voltage and current ratings for their component thyristors, The ratio of power 

handled by 36-SCR device to that handled by 18-SCR device is 

(a) 4 (6) 2 
t 

(ey (d) 3 
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578 Power Electronics 
6. The number of thyristors required for single-phase to single-phase cycloconverter of 

the mid-point type and for three phase to three-phase 3-pulse type cycloconverter are 
respectively 
(a) 4, 6 
(6) 8,18 
(c) 4,18 
(d) 4, 36. 

7. A 3-phase to single-phase conversion device employs a 6-pulse bridge cycloconverter. 
For an input voltage of 200 V per phase, the fundamental rms value of output voltage 
is 
(a) 6GO0/n V 
(b) 300V3/n V 
(c) 300/n V 
(d) 600V3 /r V. 

8. The question has three subquestions. Amongst the four alternatives provided, one or 
more are correct. Write down all the correct answers unambiguously. 

8.1. A three-phase to single-phase cycloconverter consists of positive and negative group 
of converters. In this device one of the two component converters would operate as a 
(a) rectifier if the output voltage V, and output current J) have the same polarity 
(b) inverter if Vp and J, have the same polarity 
(c) rectifier if V, and J, are of opposite polarity 
(@) inverter if V, and J, are of opposite polarity, 
8.2. A 3-phase to 3-phase cycloconverter requires 
(a) 18 SCRs for 3-phase device (6) 18 SCRs for 6-pulse device 
(c) 86 SCRs for 3-pulse device (d) 36 SCRs for 6-pulse device. 
8.3. Which of the following statements are correct for cycloconverters ? 
(a) Step-down cycloconverter (cc) works on natural commutation 
(b) Step-up ce requires forced commutation 
(c) Load commutated ce works on line commutation 
(d) Load commutated cc requires a generated emf in the load circuit. 

9. This question contains four subquestions, each having two columns. Match every item 

on the left side with the most appropriate item on the right side. 
9.1. Power electronic controller Applications 

(A) Controlled rectifier (P) Aircraft supplies 

(B) Chopper (Q) Electric car 

(C) Cycloconverter (FR) Induction heating 

(D) Inverter (S) Rolling mill drive. 
9,2. Power electronic controller Applications 

(A) Controlled rectifier (P) High-power ac drive 

(B) Voltage controller (Q) Solar cells 

(C) Cycloconverter (R) Ceiling fan drive 

(D) Inverter (S) Magnet power supply. 
9.3. Power electronic controller Applications 


(A) Inverter 

(B) Controlled rectifier 
(C) Voltage controller 
(D) Chopper 
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(P) Fork-lift truck 

(Q) Ilumination control 

(R) Uninterruptible power supply 
(S) Hydrogen production. 
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9.4. Types of cycloconverters Output Voltage Waveforms 


(A) 1-phase to 1-phase with p) 
continuous conduction 


(B) 1-phase to 1-phase with 
discontinuous conduction 


(C) Step-up device 


(D) 3-phase to 1-phase 
device (S) 





1. (d) 2. (¢) 3. vary, gradually 4, (c) o. (a) 
6. (c) 7. (a) 8.1. (a), (d) 8.2. (a), (d) 8.3. (a), (6), (d) 

9.1. (A)-(S) ; (B)-(@) ; (C)-(P) ; (D)-(R) 9.2. (A}-(S) ; (B)-(R) ; (C)-(P) ; (D)-(Q) 

9.3. (A)-(R) ; (B)-(S) ; (C}-(Q) ; (D)-(P) 9.4. (A)-(®) ; (B)-(8) ; (C)-(P) ; (DQ). 
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AC drives, 496 
AC voltage controller, 592 
harmonics, 398 
integral oycle control, 393 
power factor, 400 
sequence control, 407 
single-phase, 396, 402 
multistage, 409 
two-stage, 408 
sinusoidal, 410 
types, 392 
Angle of extinction, 173 
Angle of overlap, 222 
Anode, 62 
ASCR, 125 


Breakover voltage, 65 






Cathode, 62 
Choppers, 248 
control strategies, 250 
extinction time, 265 
forced commutation, 274 
Fourier analysis, 266 
load commutation, 293 
prir.ciple of operation, 249 
steady-state analysis, 259 
step-up, 251 
types, 204 
Chopper drives, 487 
four-quadrant, 495 
motoring control, 487 
regenerative braking control, 
492 
two-quadrant, 495 
Commutation techniques, 160 
commutation 
class-B, 162 
class-C, 165 
class-D, 167 
class-E, 169 
class-F, 170 
load, 160 
Converters, ac to de 
aingle-phase, 176, 187 
three-phase, 203 
Cosine firing scheme, 159 
Current-commutated chopper, 286 
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design considerations, 289 
commutation interval, 290 
Current ratings, 
average on-state, 84 
rms, 86 
surge, 68 
I*t, 89 
Current source inverter, 363 
single-phase, 363 
ASCI, 369 
Cycloconverters, 414 
load-commutated, 425 
output voltage, 423 
principle of operation, 414 
single-phase to single-phase 
step-up, 415 
atep-down, 416 
3-phase half-wave, 418 
3-to 1-phase, 418 
9-to 3-phase, 421 


Dc drives, 461 
single-phase, 464 
dual converter, ¢/3 
full converter, 469 
half-wave converter, 464 
semiconverter, 466 
three-phase, 474 
dual converter, 486 
full converter, 479 
half-wave converter, 474 
semiconductor, 475 
Diac, 122 
Diode circuits, 32 
Diode rectifier, 
single-phase half-wave, 43 
single-phase full-wave, 
mid-point, 53 
bridge, 54 
Discontinuous load current, 
single-phase 
full converter, 200 
semiconverter, 201 - 
3-phase semiconverter, 216 
di/dt, 
protection, 94 
rating, 89 
dvu/dt, 
protection, 94 
rating, 64 
Dual converters, 229 
ideal, 230 
with circulating current, 232 
waveforms, 233 
without circulating current, 231 
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Dynamic equalizing circuit, 114 
Dynamic resistance, 117 


Effect o1 source inductance, 
i-phase full converter, 222 
3-phase full converter, 224 

Electric drive, concept, 461 

Electronic crowbar protection, 101 

Equalizing circuit, 
dynamic, 114 
static, 111 

External overvoltages, 9% 

Extinction time, 179 


Finger voltage, 117 
Firing angle, 176 
Firing circuits, 129 
R and RC circuits, 130 
UJT triggering circuit, 
ramp-and-pedestal, 139 
synchronized, 135 
Forward blocking mode, 64 
Four-quadrant converter, 229 
Four-quadrant chopper, 257 
Freewheeling diode, 41 
Fully-controlled converter, 191 
Full-wave controlled converters 
single-phase, 188 
full converter, 191 
mid-point, 189 
gemiconverter, 194 


Gate characteristics, 72 
Gate pulse amplifier, 148 
Gate trigger circuit, 73 
Gate triggering, 65, 81 
Gate-turn-off thyristor, 126 
Gating circuits, 

1-phase converters, 146 

pulse-train, 149 


Half-controlled converter, 191 
Half-wave thyristor circuit, 
R-load, 176 
RL-load, 176 
freewheeling diode, 180 





ul.org 


Downloaded From : www.EasyEngineering.net 


S82 


RLE load, 182 
High voltage DC transmission, 436 
Holding current, 66 





Parallel operation of SCRs, 116 
Parallel inverter, 382 





| Power diodes, 

; | types, 10 
IGBT, 24 Power electronic, 
Induction motor drives, 497 modules, 5 

speed control, 500 systems, 3 


types of converters, 4 


I*t rating, 89 Power electronics, 


Intellegent module, 6 


. concept, 1 
Intrinsic-stand-off ratio, 105 applications, 1, 2 
Inverters, 309 Power MOSFETs, 20 


single-phase 
full-bridge, 310 
half-bridge, 310 
harmonic reduction, 359 
current source, 363 


Power transistor, 10 

Principle of phase control, 176 
Protection of SCRs, 93 

Pulse transformer, 141 
Pulse-width modulation 


force-commutated, 326 chopper, 250 
parallel, 382 , inverter, 345 
series, 377 | PUT, 120 


PWM inverters, 
modulation, 349 
single-pulse, 350 
multiple-pulse, 351 

sinusoidal-pulse, 354 





Junction capacitance, 94 
Junction temperature, 104 








Latching current, 66 
Light-activated SCR, 122 


Line commutated inverter, 199 
‘Line commutation, 170, 175 


- Ramp triggering, 138 
Ramp and pedestal triggering, 149 
RCT, 126 
Realization of PWM 
full-bridge inverter, 356 


Load commutated half-bridge inverter, 357 
chopper, 293 Relaxation oscillator, 136 


cycloconverter, 425 
inverter, 319 


Resonant converter, 448 
Reverse blocking mode, 64 
Reverse recovery time, 70 
Rise time, 69 






McMurray-Bedford inverter, 332 
Methods of turning-on SCRs, 65 
Modified Mc Murray inverter, 
half-bridge, 326 
full-bridge, 332 
MOS-controlled thyristor, 27 
Multiphase chopper, 296 


SCRs, 

series operation, 111 

parallel operation, 116 
Series inverter, 377 
Single-phase half-wave circuit, 
- R load, 176 
| —— | RLE load, 182 

| RL, load and FD, 180 

dual converter, 231 Single-phase full-wave, 

| 3 bridge converters, 191 

| — - semiconverters, 194 
Overcurrent protection, 100 | Single-phase inverter, 
Overlap angle, 222 steady-state analysis, 311 
Overvoltage protection, 98 Fourier analysis, 319 





Non-circulating current 
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voltage control, 347 
PWM, 349 
single-pulse, 350 
multiple-pulse, 391 
sinusoidal-pulse, 354 
reduction of harmonics, 359 
Single-phase parallel inverter, 382 
| SIT Hs, 122 
Slip power recovery schemes, 521 
Smart power, 6 
. Snubber circuit, 94 
Solid state relays, 447 
Static circuit breakers, 449 
Static Kramer drive, 521 
Static rotor-resistance control, 516 
Static Scherbius drive, 528 
Static switches, 441 
DC switches, 444 
Design of, 444 
1-phase ac, 442 
Step-up, choppers, 251 
eycloconverters, 415 
Surge current, 88 
SUS, 120 
Switched mode power supply, 428 
Synchronous motor drives, 529 
cylindrical-rotor motors, 530 
permanent magnetic motors, 536 
reluctance motors, 535 
salient-pole motors, 533 






















Temperature, 
case, junction, 105 
Thermal, resistance, 104 
equivalent circuit, 104 
Three-phase bridge inverter, 347 
180° mode, 338 
120° mode, 342 
Three-phase diode rectifier, 
half wave, 203 
full-wave bridge, 206 
Three-phase thyristor converter, 
full converter, 210 
semiconverter, 214 
Thyristors, 
dynamic characteristics, 68 
turn-off, 70 
turn-on, 65 
firing circuits, 129 
gate characteristics, 72 
heating, cooling and mounting, 103 
parallel operation, 116 
protection, 93 
gate, 101 
overcurrent, 100 
overvoltage, 98 
pulse triggering, 75 
ratings, 82 
current, 84 
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surge current, 88 load, 160 Voltage clamping device, 99 
voltage, 63 resonant-pulse, 162 Voltage-commutated chopper, 276 
series operation, 111 Voltage control 
switching oo 68 1-phase inverters 347 

turn-off, i. ) 7 roltage ot ler, ac 

ea aa Voltage controller, ac, 392 
terminal characteristics, 62 5 : 
triggering methods, 129 Uncontrolled converter, 191 
turn-on methods, 65 Unijunction transistor, 134 — 
two-transistor model, 79 Uninterruptible power supplies, Zener diode, 57 

bt tap changers, 40/ a et oked Zero-current switching resonant 
iac, 123 UJT oscillator triggering, 135 converters. 449 
firing circuit, 144 a, : Ee L-type, 449 

Types of commutation Tl M-type 452 





complementary, 165 Zero-voltage switching resonant 


external pulse, 169 Valley point, 135 converters, 455 
impulse, 167 Vernier winding, 410 
line, 170 
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This text book provides a lucid and comprehensive treatment of thie 
subject, Power Electronics. Characteristics of power diodes, power * 
transistors and thyristors and also other related topics, giving an up-to-" 

«| date account, have been discussed first. Then each chapter begins at an 
introductory level and is so developed progressively that an average’ | 
student can comprehend the subject matter easily. The topics covered in on 
this volume include diode circuits and rectifiers, laa 
rectifiers, inverters, ac voltage controllers, etc. ; ‘ eo] 

A large number of illustrative figures and a wide variety of worked 
examples add to the clarity of presentation. A sufficient number of 
unsolved problems with answers, conceptual questions and hints to the 
relatively difficult ones are given at the end of each chapter. This book 
will serve the students as a textbook during their academic career and.as 

a reference text during their professional career. 













